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Abstract 
The research presented in this thesis can be split into two well-defined areas. 
Firstly, the effects of the addition of lime (either 2%, 4%, 6% or 8%Ca(OH)2 or 1.5%, 3%, 
4.5% or 6%CaO) on various engineering properties of a sulphide (pyrites) rich, naturally 
occurring clay - Lower Oxford Clay (LOC) - were studied. Experimental tests representing, 
or relating to, tests outlined in the Design and Construction of Lime Stabilised Capping 
Specification (DoT, 1995) were utilised and consisted of Atterberg (consistency) tests, 
compaction tests, unconfined compressive strength tests, linear expansion measurements 
and durability tests. Also, sulphate (S03) analyses, pH measurements, differential 
thermogravinietric (DTG) analyses and X-ray diffraction (XRD) tests were employed to 
confirm experimental data. Environmental conditions were chosen to reflect temperatures 
experienced in the UK - between 5*C, 10'C and 201C. The majority of samples were 
mellowed (the time delay between initial mixing and compaction) for 3 days at 201C prior 
to testing. The results show that small additions of lime (i. e. 2%Ca(OH)2 or 1.5%CaO) 
modify the engineering properties of LOC by causing flocculation, and also increase S03 
levels due to increased gypsum levels via pyrites oxidation. However, strength 
development is poor as little cementitious bonding is formed. Mellowing further modifies 
the engineering properties as the increased time allows greater flocculation leading to a less 
dense, more porous material. Also ettringite forms during mellowing allowing expansive 
reactions to occur prior to compaction, consuming both calcium and sulphate in the process 
and leading to slightly reduced pH levels compared to similar unmellowed samples. Further 
additions of lime give further change to the engineering properties of the LOC, up to an 
addition of 6%Ca(OH)2 or 4.5%CaO. Further additions result only in supplying an excess 
of calcium. Strength development is improved with increasing lime additions, especially 
after 4 weeks of curing at higher curing temperatures (20'C); however linear expansion 
increases and durability worsens. However, a period of mellowing prior to compaction 
reduces linear expansion and improves durability. Sulphate (S03) levels are also increased 
with increasing additions of lime due to pyrites oxidation. In samples containing 
>2%Ca(OH)2 or 1.5%CaO, pH levels are maintained to a level where ettringite formation is 
sustained rather than gypsum formation. 
Secondly, the effects of a secondary stabilising agent (ground granulated blast furnace slag 
- GGBS - incorporated at various percentage additions (2%, 4%, 6% or 8%)) on the 
strength development, linear expansion and durability of mellowed, lime-modified LOC is 
presented. For comparative purposes, Portland cement (PC) is also used. The results show 
that although LOC-lime-PC samples exhibit greater strengths (especially when cured for 
long periods at 20"C), linear expansion is lower and durability is higher in similar LOC- 
lime-GGBS samples. As the hydration process of PC produces lime, and as lime is usually 
consumed during GGBS hydration, then samples containing the former stabiliser will 
maintain pH levels well above samples containing the latter. Therefore, on soaking 
disruption and expansion due to the formation of ettringite (which is unstable at pH levels 
<10.5) is common to LOC-lime-PC samples but not in similar GGBS samples. In 
conclusion, the findings from this thesis indicate that soil stabilisation with lime and GGBS 
is particularly effective for naturally occurring sulphide rich clay soils (such as the LOC) 
and is an environmentally friendly alternative to PC-stabilised soils. 
Bari Thomas (2001) 
UniversiN of Glamorgan 
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Growing environmental concern, initially as a consequence of the publication of the 
novel "Silent Spring" by Rachel Carson (1962) and more recently as a result of action 
groups such as Green Peace and the World Wildlife Fund, has led to a number of high- 
profile meetings involving the most powerful nations on Earth concerning the 
production of pollutants and their effect on the planet. Scientists are agreed that the 
production of certain gases - primarily carbon dioxide (C02). methane, nitrous oxides as 
well as industrial chemicals such as chlorofluorocarbons (CFCs), have the ability to 
absorb the sun's energy that is usually radiated back into space from Earth and as a 
consequence the temperature on the Earths' surface is steadily increasing. This process 
is called the greenhouse effect. In fact, the Organisation for Economic Co-operation and 
Development (OECD) analysis of economic growth scenarios show that by the year 
2020, global energy-related emissions, Of C02 in particular, are likely to be more than 
double the 1990 levels. Furthermore emissions originating from developing countries 
are expected to increase even more rapidly, from the present share of roughly 30% of 
global emissions to just over 50% by the year 2020. Subsequently, World Climate 
Summits have been held throughout the 1990's with the latest (the 6"' at the time of 
writing) held in The Hague, Netherlands (November 2000). However, due to self- 
interest and politics no great steps were taken to reduce the amount of pollution 
greenhouse gases, other than to plant more trees. In fact the USA, among the worlds 
Bari Thomas (2001) 
University of Glamorgan 
Chapter /, Introduction 
leading polluters, have expressed a wish to actually purchase emissions quotas from 
other less polluting countries in order to continue certain industrial processes. 
The problem of reducing pollution becomes even more difficult when one realises that 
the production of essential construction materials, such as cement, produces greenhouse 
gases. In fact, it is estimated that for one tonne of cement produced, one tonneOf C02 is 
emitted into the earth's atmosphere. In an attempt to minimise the impact of production 
processes on the environment, researchers have experimenting by replacing cement in 
concrete with recycled or waste materials; thus reducing C02 emissions per tonne of 
concrete utilised. Examples of this include pulverised fuel ash, condensed silica fume or 
even crushed powder from recycled bricks. In addition to moral considerations the 
introduction of recycled materials to cement is also of economic concern, as such 
materials reduce energy consumption, which in turn leads to lower overall production 
costs. 
In the United Kingdom, the landfill tax, which was introduced by the British 
government on October 1" 1996, is an additional incentive for the promotion of 
sustainable waste management and has forced civil engineers to utilise sometimes 
unsuitable materials in the construction process in order to cut costs. Examples of this 
include the modification or stabilisation of clay soils with lime rather than the 
importation of costly aggregate. Lime is being used increasingly to modify and stabilise 
soils for numerous engineering applications such as embankments, road sub-grade and 
sub-base stabilisation, and foundations for small buildings (Arabi and Wild, 1989). 
However, although the addition of lime (usually CaO in commercial developments) to 
clay soils results in immediate flocculation, changes to consistency, moisture content 
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and maximum dry density, and therefore increased workability (Bell, 1988), in the 
presence of sulphates (such as gypsum) lime addition promotes the fon-nation of 
deleterious and expansive reaction products which cause disruption and heave in lime- 
stabilised material (Gouda et al. 1975; Abdi and Wild, 1993). The detailed chemistry of 
the reactions between the added lime, sulphates (usually expressed as S03) and the soil 
particles is complex and depends greatly on the pH of the soil, the temperature and the 
water conditions. It is widely accepted that substantial swelling is associated with the 
formation of the mineral ettringite, the hydration of which is accompanied by large 
dimensional changes as the water of crystallisation is incorporated into the mineral 
structure. Also, if the temperature of the system falls below 15'C, and the pH value 
remains high (above 10.5) then the dissolution of carbonates together with available 
silica allows a substitution of silica for alumina and carbonate for sulphate leading to a 
conversion from ettringite to thaumasite -a 
mmeral. with similar destructive properties 
to ettringite (Hunter, 1988). In addition to deterioration due to the presence of sulphates, 
more recently deterioration in lime-stabilised soils has been attributed directly to 
sulphide (such as pyrites) oxidation. Snedker (1996) reported heave in lime-stabilised 
pyritic mudstone pavements along the M40 at Banbury, UK. Although the unstabilised 
material was deemed suitable for stabilisation as the S03 content was found to be in 
agreement with Department of Transport Guidelines (DoT, 1995) (i. e. "ýI% SOA site 
investigations carried out afler deterioration reported that the S03 content had increased 
and was as high as 4% in the disrupted layer. It was concluded that the increased S03 
levels and subsequent deterioration of the stabilised layer was due to pyrites oxidation, 
ultimately producing sulphuric acid and gypsum (Hawkins and Pinches, 1987), and as a 
consequence developing ettringite. Even the mixing of a secondary stabilising additive 
to the soil, such as Portland cement, may not suppress expansion due to ettringite 
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formation in pyrites rich material (Thomas et al, 1981). However, the addition ground 
granulated blastfurnace slag (GGBS), a by-product of the pig-iron industry, with lime to 
a soil is not only an environmentally friendly stabilisation method (as no further 
pollution is emitted during production), stabilised GGBS-lime-clay mixes also show 
improved strengths compared to lime-only stabilised material. Of most consequence, 
deterioration due to expansion and heave is significantly reduced when GGBS is 
incorporatcd into a lime-stabilised, sulphate-rich clay soil as sulphates (such as gypsum) 
accelerate slag hydration (Wild et al. 1998; Wild and Tasong, 1999; Veith, 2000). 
1.2 Structure of Thesis 
The current work is laboratory based and examines the effects of lime addition (either 
Ca(OH)2 or CaO) and stabiliser addition (PC or GGBS) to a sulphide-rich clay soil (the 
Lower Oxford Clay) - specifically to monitor the effects of pyrites oxidation and the 
process of mellowing (a process briefly outlined in DoT Guidelines (1995) describing 
the delay between initial mixing and subsequent compaction of clay-lime). Various 
experimental tests, many chosen as they represent or relate to tests outlined in the 
Design and Construction of Lime Stabilised Capping specifications (DoT, 1995), were 
carried out under environmental conditions similar to those experienced by engineers in 
the United Kingdom. 
This introduction is followed by a critical review of relevant literature, consisting of 3 
chapters. Chapter 2 looks at the clay mineralogy of the Lower Oxford Clay (LOC) and 
describes the clay minerals' structure and other characteristics, whilst chapter 3 
illustrates the effects of lime addition to a clay soil, focusing specifically on the effects 
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of sulphates, pyrites and ettringite formation on stabilised materials. Finally, chapter 4 
examines the hydration processes of both Portland cement (PC) and slag (GGBS) and 
debates the relative advantages of either material when incorporated into a stabilised 
soil. Chapter 5 describes the mineralogy and chemistry of the subject material (LOC) in 
detail along with the other materials used in the current work - lime (hydrated lime and 
quicklime), PC and GGBS. The main focus of the thesis begins chapter 6, which 
describes in detail the experimental procedures carried out on the modified/stabilised 
LOC, including consistency limits, compaction tests, strength tests, expansion 
measurements and durability tests, in order to monitor the changes in the engineering 
properties of the LOC under various enviromnental conditions. Additionally, S03 
analyses and other analytical techniques (thermogravimetric (TGA) and X-ray 
diffraction (XRD) analysis) are described. The results of the experimental work are 
presented in chapters 7 and 8 focusing on LOC-lime systems and LOC-lime-PC or 
GGBS systems respectively. Chapter 9 of this thesis is a critical discussion of the results 
attained, including the practical implications of the results. Finally, the salient 
conclusions of the current work are presented together with recommendations for 
further work in chapter 10. The progress of this research was presented regularly to a 
steering group of industrial partners, including Buxton Lime Industries, Cementitious 
Slag Makers Association, RMS Industrial Materials Ltd. and Singleton Birch Ltd., to 
ensure the relevance of the current work for practical application. 
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1.3 Research Objectives and Contribution to Knowledge 
Although much work has been carried out on the effects of lime addition to clay soils, 
few researchers have looked specifically at the stabilisation of a naturally occurring, 
sulphide-rich clay soil with both quicklime and hydrated lime, especially when a period 
of mellowing is employed prior to testing or compaction and when curing is carried out 
at temperatures reflecting conditions in the UK. Also, although much laboratory-based 
work has been published on the engineering properties of GGBS-stabilised soils the 
author could not locate published work directly comparing the engineering properties of 
GGBS and PC stabilised naturally occurring soils. Thus the salient aims of the current 
project are: 
o To examine the effectiveness of lime-addition (either Ca(OH)2 or CaO), for 
modification and/or stabilisation purposes, on a naturally occurring, sulphide 
rich clay soil (the Lower Oxford Clay (LOC)) and to assess the differences in 
engineering properties (such as consistency limits, compaction, strength 
expansion and durability), if any, between hydrated lime and quicklime addition. 
* To monitor the rate and effect of pyrites oxidation (using S03 tests and pH 
measurements) in a lime-modified/stabilised naturally occurring sulphide-rich 
clay soil. 
* To assess the impact of mellowing lime-modified/stabilised soils prior to testing 
or final compaction, and also to consider the influence of testing under 
environmental conditions experienced in the UK. 
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9 To compare and contrast the engineering properties (strength, expansion and 
durability) of lime-modified LOC-lime stabilised with various percentage 
additions of either PC or GGBS, again under low temperature conditions. 
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Clay Mineralogy 
This chapter briefly describes the clay minerals present in the Lower Oxford Clay 
(LOC) - namely kaolinite, illite and chlorite - and gives details of their respective 
structures, characteristics and swelling capabilities and suitabilityfor stabilisation. 
2.1 Introduction. 
The term "clay" is used in various contexts, and can be used as a rock tenn or as a 
particle-size term in the mechanical analysis of sedimentary rocks, soils, etc. In general 
the term clay implies a natural, earthy, fine-grained material which develops plasticity 
when mixed with a limited amount of water (Grim, 1968). Chemical analyses of clays 
show them to be composed essentially of silica, alumina and water, commonly with 
appreciable amounts of iron, alkalis and alkaline carths. There arc several factors 
affecting the properties of a clay soil or clay material, including: clay mineral 
composition, non-clay mineral composition, organic material, exchangeable ions and 
soluble salts (Grim, 1968). 
2.2 Clay Mineral Composition. 
This refers to the identity and relative abundance of all clay-mineral components. 
Certain clay minerals can have a tremendous influence on clay soils, even if present in 
only small amounts. (e. g. the presence of smectite or montmorillonite (--5%) is likely to 
provide a material very different from another clay with the same composition in all 
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ways except for the absence of smectite/montmorillonite. ) In the same way crystallinity 
and variability in clay minerals affect such properties as plasticity (Grim, 1968). 
e Non-clay Minerals. 
Minerals such as calcite, dolomite, mica, quartz, pyrite, feldspar, gibbsite and other 
minerals are abundant in clay soils, and the effects of these minerals on the properties of 
a clay soil can influence the potential uses of the clay soil. For example, a material with 
a high pyrites content may, under certain conditions, prove problematic in the 
construction industry, as pyrites has been known to oxidise, and, under the right 
conditions produce gypsum, the precipitation of which may cause significant heave 
(Thomas et al., 1981; Cripps and Edwards, 1992). 
9 Organic material. 
Organic material can be present in clay soils as discrete particles of wood, leaf matter, 
spores etc, as molecules adsorbed on the surface of the clay mineral particles or even 
intercalated between the silicate layers of clay minerals (Grim, 1968). Organic material 
usually acts as a pigment in clay soil giving the material a dark-grey or black colour, 
though there is no direct relationship between colour and organic content. 
* Exchangeable ions and soluble salts. 
At the time of deposition, or as a result of weathering, water-soluble salts may be 
entrained in the clay. Common salts found in clay materials are chlorides, sulphates, and 
carbonates of alkalis, alkaline earths, aluminium and iron. Clay minerals and some 
organic material that can be found in clay soils have significant ion-exchange capacities 
and can affect stabilisation. 
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2.3 Clay Mineral Structure 
Two structural units are involved in the atomic lattices of most clay minerals. One unit 
consists of two sheets of closely packed oxygens and hydroxyls in which atoms of 
aluminium, iron or magnesium are embedded in octahedral co-ordination (Figure 2.1.1). 
If aluminium is present only two-thirds of the possible positions are filled to balance the 
structure, which is the Gibbsite structure (A12(OH)6)- If magnesium is present all the 
positions are filled and the structure is balanced; this is called the Brucite structure 
(Mg3(OH)6). The second unit is built of tetrahedra in which a silicon atom is equidistant 
(assuming no distortions) from four oxygens (or possibly hydroxyls, depending on 
structural balance), arranged in the form of a tetrahedron with a silicon atom at the 
centre (Figure 2.1.2). These tetrahedra are arranged so that their tips all point in the 
same direction and the bases are in the same plane to form a hexagonal network, which 
is repeated indefinitely to form a sheet of composition Si406(OH)4. The structure can be 
considered to be made of a perforated plane of oxygens (which is the plane formed from 
the base of the tetrahedral groups); a plane of silicon atoms with each silicon in the 
cavity at the junction of three oxygen atoms and therefore forming a hexagonal 
network; and a plane of hydroxyl atoms with each hydroxyl directly above the silicon at 
the tip of the tetrahedrons. 
2.4 Clay Mineral Types. 
The clay minerals are usually divided into 7 main groups, with the texture or lattice 
structures of the minerals serving as the basis for their classification. These groups are 
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the kaolinites, the montmorillonites, the illites, the chlorites, the vermiculites, the 
mixed-layer clay minerals, and the attapulgites, sepiolites and palygorskites (Millot, 
1970). The scope of the current work is such that it would be impractical to examine all 
the groups in detail, and as the Lower Oxford Clay (LOC) contains only kaolinite, illite 
and chlorite (Smith, 1999) then no other clay mineral types will be described. 
2.4.1 The Kaolinite Group. 
Kaolinite minerals are formed of units consisting of a single tetrahedral silica and a 
single octahedral alumina sheet - these units may repeat themselves indefinitely to form 
a lattice of the mineral (Figure 2.2). The chemical composition is expressed by the 
general formula (OHMU401o. As the charges within the structural lattice are 
balanced there is very little substitution within the lattice, although limited substitution 
is possible in poorly crystalline kaolinites. The tetrahedral and octahedral sheets are 
combined so that the tips of the tetrahedra of each silica sheet and one of the hydroxyl 
layers of the octahedral sheet form a common layer. The atoms common to both the 
tetrahedral and octahedral layer become 0 instead of OH (Grim, 1968). A relative of 
kaolinite is halloysite which differs from kaolinite by having one additional water 
molecule to the basic kaolinite unit (i. e. (OH)8Al4Si4Olo. 4H20)- When wet, halloysite 
masses have a tendency to creep or flow horizontally and may be viewed as unstable 
and undesirable as materials for embankments and related structures (Cernica, 1995). 
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2.4.2 The Illite Group. 
The basic structure of illite consists of a gibbsite octahedral layer between two silica 
tetrahedral sheets (Figure 2.3). The unit is the same as that for montmorillonite except 
that aluminiums always replace some of the silicons and the resultant charge deficiency 
is balanced by potassium ions. However, illites differ from montmorillonites in that 
charge deficiency due to substitutions per unit-cell is about 1.30 to 1.50 for illite and 
0.65 for montmorillonite. The seat of this charge deficiency in illite is largely in the 
silica sheet and therefore close to the surface of the unit layer, whereas in 
montmorillonite it is frequently, perhaps chiefly, in the octahedral sheet at the center of 
the unit layer. Also in the case of illite the balancing cations between the unit layers are 
chiefly, or entirely, potassium. Because of these differences the illite structural unit 
layers are relatively fixed in position so that polar ions cannot readily enter between 
them and cause expansion (Grim, 1968). The inner layer bonding by the K ions is 
sufficiently strong so that the basal spacing of illite remains fixed at I[tm in the 
presence of polar liquids (Cernica, 1995). The structural fonnula of illite is 
(OH)4K2(Si6. AI2)AI402o 
and its theoretical composition is K20 = 11.8%, 
Si02= 45.2%, 
A1203 = 38.5%, H20= 4.5% (Grim, 1968). Other close relations of illite include 
glauconite which is a dioctahcdral illitc with considerable replacement of A13+ by 
FC3+, 
Fc 2+ and Mg 
2+ 
and has a distinctive green hue. Since illite is always found mixed with 
other clay and non-clay minerals, it is, on its own, of little significance to engineers. 
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2.4.3 The Chlorite Group 
The word chlorite comes from the Greek meaning "green minerals" (Kostov, 1968). The 
presence of chlorites has been well known for a long time in crystalline schists, in 
hydrothermal rocks and in the alteration products of many silicates. Morphologically 
the chlorites correspond with illite as the structure consists of alternate sheets of 
trioctahedral mica bounded by sheets with a brucite structure (Figure 2.4). The basal 
spacing is about 1.4ýtm but in contrast to the montmorillonites is fixed (Millot, 1970). 
The ideal composition of a pure magnesium chlorite should be 
M93SiO4Olo(OH)2-Mg3(OH)6- (Kostov, 1968). Grim (1968) describes chlorites as being 
of the composition (OH)4(SiAI)8(Mg. Fe)6020. (Mg. AI)6(OH)12, whilst Barth (1962) 
comments that the chemical variation of chlorite is very great, but describes talc-chlorite 
as being of the composition M96Si4OIo(OH)s. 
2.5 Characteristics of Clay Minerals 
Many of the characteristics of the clay minerals (such as -ion exchange and sorption, 
swelling and reactions with organic material) depend to a great extent on their crystal 
structure. The use of X-ray methods in the identification of mineral structures (i. e. X-ray 
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS)), pioneered by Pauling 
in the early 1930s has enabled scientists to study, in great detail, the shape and size of 
crystal particles. If a crystal particle has a distinct shape, e. g. plate-like, rod-like or 
tubular, certain reflections may be broader than others. However, the diffraction 
characteristics of many of the clay minerals have considerable similarity, so 
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identification cannot be based solely on diffraction data. Therefore diffraction and hence 
clay mineral characteristics mainly depend on a) layering of the tetrahedral and 
octahedral units, b) types of interlayer ion exchange (if any) and, c) substitution within 
the crystal lattice. As the layering and structure of the relevant clay minerals have been 
dealt with, it is important to address ion exchange and substitution in the crystal lattice 
in order to fully understand the characteristics of the clay minerals. 
2.5.1 Ion Exchange. 
Clay minerals have the property of sorbing certain anions and cations and retaining 
them in an exchangeable state; i. e. these ions are exchangeable for other anions or 
cations by treatment with such ions in a water solution (although the exchange reaction 
also takes place sometimes in a nonaqueous environment). The property of exchange 
capacity is measured in terms of milliequivalents per gram, or 100g. In clay materials 
the commonest exchangeable cations are Na+ Li+, H+, K% Ba2+, Ca2', Mg2+, and A13+. 
Some common anions are S04 2-9 Cl-i. P04 3' and N03- (Grim, 1968). Construction 
engineers may inadvertently cause ion-exchange reaction by a shift of the water table or 
emplacement of a large mass etc. with an unexpected change in soil properties such as 
changes in plasticity, compaction and shrinkage. 
14- 
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2.5.1.1 Cation Exchange 
2.5.1.1.1 Cation Exchange Capacity 
The range of cation exchange capacity of the clay minerals is given in Table 2.1. The 
cation exchange capacities in Table 2.1 were taken at pH 7 (neutral). A range of 
capacities must be shown for each group as there is no single capacity that is 
characteristic of a given group of clay minerals (Grim, 1968). Mukhedee et al. (1943) 
(from Grim, 1968) also found that exchange capacity might also vary with the nature of 
the cation. They found, using titration methods for kaolinite and montmorillonite, that 
exchange capacity was found to be considerably larger with divalent cations, such as 
Ca2+, than with monovalent cations (e. g. Na+). Other factors such as particle size, lattice 
distortion, clogging of exchange position etc., may also affect the cation-exchange 
capacity (Grim, 1968). There are 3 main causes of cation exchange: 
" Broken Bonds, 
" Substitution within the Lattice Structure, 
" Hydrogen (Exposed Hydroxyls). 
2.5.1.1.2 Replaceability of Exchangeable Cations. 
Early studies have shown (e. g., Way, (1850), Gedroiz, (1922) (both from Grim, 1968)) 
that under a given set of conditions, various cations were not equally replaceable and 
did not have the same replacing power. It was concluded that replacing power of the 
common ions was: 
Na<K<Ca<Mg<NH4 
15 - 
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Simply, this means that in general, Ca 2+ will more easily replace Na+ than Na+ will 
replace Ca2+. However, over time it became obvious that the series varied depending on 
the conditions of exchange. For example, work by Cobbe (1988) and Arabi, (1987) in 
lime stabilised soils quoted the series to be: 
Li + <Na+<W*<Mg2+<Ca 2+<Ba 
2+<AI3+ <11+ 
Suffice to say that whichever series is appropriate for the appropriate conditions, the 
ions on the left are usually replaced by the ions on the right. Cation replacement is of 
great importance, especially in the field of lime-stabilised soils. Allaway (1945) 
investigated the replaceability of Ca2' in various clay minerals by determining its 
availability to plants. He found that for Ca2' the availability is 
peat>kaolinite>illite>montmorillonite and that the availability increases as the 
saturation increases. In other words, Ca2+ would be more available (i. e. not taken into 
the clay structure) in a lime treated kaolinite clay soil compared to a lime treated 
montmorillonite soil. 
2.6 Swelling 
Terzaghi and Peck (1967) state that mechanical effects, such as particle arrangement, 
have been found to be important in soil swelling behaviour. They also observed that two 
samples of the same clay could be at the same pore fluid concentration, with one 
exerting a large swelling pressure and the other almost none. Therefore, it can be said 
that swelling is a phenomenon that involves both the solid and liquid phases, induced by 
negative pore pressures which are created by the strong surface tension forces of the 
pore water meniscus and/or by osmotic effects. In both cases, the result is water being 
pulled into the air voids. Barshad (1955) states that water adsorption in clays starts with 
16 
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the hydration of the external clay particle surface by a unimolecular layer of water. This 
layer then builds up with time to form multimolecular water layers at a rate dependent 
on the clay type. These multilayers then find a way into the interior surfaces of the clay 
particles themselves, probably through diffusion of water vapour through the clay 
particle and/or seepage at the clay particle edges (Barshard, 1955). The interlayer 
cations are still in position at this stage attached as they are to the oxygen sheets. As 
more molecular water finds its way into the interlayer spaces the cations get detached 
creating an external surface. However, if water is in vapour form (as during curing of 
stabilised soils), then expansion is minimal. Swelling results from an increase in the 
basal spacing as water is adsorbed between the layers. The extent of clay water 
adsorption is very much a function of the particle size, particle pore size and void ratio 
(density). For example, montmorillonitic clays have external adsorption surfaces of the 
order of 22-90m 2 /g depending on the method of measurement, which is far higher than 
for kaolinitic and illitic clays, as reflected in typical swelling magnitudes shown in 
Table 2.2. 
12 
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Table 2.1 Cation exchange capacity of clay minerals, in milliequivalents per I OOg at pH 
= 7. (after Grim, 1968) 
(* not present in Lower Oxford Clay used in the current work) 
% SWELL 0-100 1000 2000 
Kaolinite 5 70 
Illite 15 120 
Mýý 
Ca 95 145 
Montmorillonite 
Na 1400 2000 
Montmorillonite 
Table 2.2 Typical free swell figures of common clays. (Krahn and Fredlund, 1972) 
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(a) (b) 
and Hydroxyls Alurninums, magnesiums, etc. 
Figure 2.1.1 Diagrammatic sketch showing (a) a single octahedral unit and (b) the sheet 
structure of the octahedral units (Grim, 1968). 
(a) (b) 
and Oxygens 0 and 0- Silicons 
Figure 2.1.2 Diagrammatic sketch showing (a) a single silica tetrahedron and (b) the 
sheet structure of silica tetrahedrons arranged in a hexagonal network (Grim, 1968). 
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7-ýý -- OH --------- OH -00 Silicons 
Figure 2.2 A diagrammatic sketch of the structure of the kaolinite layer (from Grim, 
1968). 
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Figure 2.3 A diagrammatic sketch of the structure of muscovite (illite) (after Grim, 
1968). 
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y1s, 40 Aluminum, 
0 Potosslum 0 Oxygens, a Hydrox 
0 and 0 Silicons (one fourth replaced by oluminums) 




4p 0 SU-S 
Figure 2.4 A diagrammatic sketch of the structure of the chlorite layer (after Grim, 
1968). 
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3. Lime-Soil Stabilisation, 
This chapter examines the effects of lime addition to a clay soil and describes, in detail, 
the reactions and mechanisms that occur when modification or stabilisation is carried 
out in the presence ofsulphides and/or sulphates 
3.1 Introduction 
The tenn "soil stabilisation" may be defined as the alteration of the properties of an 
existing soil to meet specified engineering requirements (Sherwood, 1993). The main 
properties that require alteration by stabilisation, with specific regard to road 
pavements, are: 
e Strength - to increase strength and thus stability and bearing capacity; 
0 Volume Stability - to control the swell-shrink characteristics caused by moisture 
changes; 
* Durability - to increase the resistance to erosion, weathering or traffic usage, and 
* Permeability - to reduce permeability and hence the passage of water through the 
stabilised soil. (Sherwood, 1993) 
The three main techniques for stabilisation are: stabilisation by compaction, stabilisation 
by mechanical means and stabilisation using a stabilising agent. 
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3.1.1 Stabilisation by Compaction 
The fact that a loose material may be made more stable simply by compacting it is so 
obvious that compaction is not normally considered to be a stabilisation process. 
However, compaction is the cheapest and most widely used method for improving the 
character of a soil on site (Cernica, 1995). Benefits from compaction include increased 
soil strength and improved bearing capacity, reduction in the voids (reduced void ratio 
and increased density), reduction of settlement and permeability and reduced shrinkage. 
These benefits are usually greatest on granular materials compacted in thin layers (0.3- 
0.5m deep), such as soil used to backfill a trench or behind a retaining wall. 
Specification for the satisfactory compaction of backfill material used in highway works 
are issued by the UK Department of Transport (DoT, 1995). Clay is sometimes used as 
a backfill as it is less expensive and/or more readily available than granular material, 
though generally clay is more difficult to compact unless it contains sufficient air voids. 
3.1.2 Stabilisation by Mechanical Means 
Mechanical stabilisation is the process whereby the grading of a soil is improved by the 
incorporation of another material that affects only the physical properties of the soil. 
Unlike stabilisation by the incorporation of stabilising agents, the proportion of material 
added usually exceeds 10% and may be as high as 50% (Sherwood, 1993). With well 
graded materials nearly all the air can be removed by compaction. However this cannot 
happen with poorly graded materials but their stability may be improved by adding 
another material to fill the voids between the particles. The granular materials specified 
by the UK Department of Transport for sub-base construction are examples of 
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mechanically stable materials. The materials are manufactured to have gradings which 
give the required stability, but the same end result can be achieved by blending naturally 
occurring soils to produce the required particle size (Sherwood, 1993). Mechanical 
stabilisation has drawbacks particularly in those countries that have heavy rainfall or 
where frost is a problem. Although mechanical stability is highly desirable, it cannot 
always be achieved and even when it can it is often necessary to add a stabilising agent 
to bring about a further improvement in the properties of the material (Sherwood, 1993). 
3.1.3 Soil Stabilisation by the Addition of Stabilising Agents. 
It is this method that will be dealt with in the current work and encompasses lime 
modification/stabilisation of clay soils, and lime-modified, Portland cement (PQ- 
stabilised clay soils, and lime activated, ground granulated blastfurnace slag (GGBS)- 
stabilised clay soils. 
3.2 Lime Stabilisation of Clay Soils 
It has long been understood that the engineering properties of clay soils can be modified 
by the addition of small percentages (1% to 3% by weight) of lime. It is also widely 
accepted that larger additions of lime (between 2% and 8% by weight) can stabilise soil. 
The properties of lime-soil mixtures are dependent on a number of variables including: 
e Percentage of clay mincrals in the soil, 
9 The mineralogy of the clay, 
* The moisture content of the clay, 
* The quantity of lime added, 
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o The climate, 
* The length and temperature of the curing period. 
When added to a clay soil, lime chemically attacks the clay mineral fraction (Bell, 
1988; Cobbe, 1988; Arabi and Wild, 1989). 
3.3 Lime 
Lime used for stabilisation or modification has many guises including quicklime (CaO), 
slaked or hydrated lime (Ca(OH)2), dolomitic lime and agricultural lime (though this is 
usually calcium carbonate (CaC03) and is unsuitable for soil improvement). Either 
quicklime or hydrated lime is used for soil stabilisation or modification. In the UK 
quicklime has several advantages over hydrated lime: 
* Quicklime has a higher available lime content per unit mass than hydrated lime (3% 
quicklime is normally equivalent to 4% hydrated lime). 
* Quicklime is denser than hydrated lime requiring less storage and transport space. 
9 Quicklime is considerably less dusty than hydrated lime. 
* Quicklime produces a large reduction in moisture content due to hydration and 
evaporation (up to 32% of its own mass of water from the surrounding soil). It is 
therefore particularly beneficial with wet soils. 
e Quicklime generates heat which accelerates strength gain as the slaking reaction of 
quicklime is highly exothermic (approximately 0.882kJ/g are expelled (see 
Appendix A)). This is of benefit in a temperate climate such as that found in the UK 
(Greaves, 1996). 
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When lime is exposed to carbon dioxide (C02) it undergoes carbonation which in turn 
leads to a decrease in the availability of Ca2+ ions, and if carbonation of lime in lime- 
soil mixes occurs, a reduction in pH value also occurs. Matsushita et al. (1993) analysed 
the carbonation process of a Ca(OH)2 slurry using X-ray photoelectron spectroscopy 
(XPS) techniques. They postulated that the reaction shown in Equation 3.1 is due to the 
decrease in ion concentration in the early period of the carbonation process. 
Ca(OH)2 + C02 -> CaC03 +H20 Eq. 3.1 
In practice carbonation has not been reported as a significant problem in the UK as lime 
stabilised soils are almost invariably compacted to a low air content soon after mixing 
(Sherwood, 1992). In hotter climes however, a number of failures have been attributed 
to carbonation of lime causing reversion of the stabilised layer. 
3.4 "Lime Modification" and "Lime Stabilisation" 
When lime is mixed with a cohesive material, the material is first modified before 
further chemical reactions occur, which in most soils lead to stabilisation. (Perry et al. 
1996). Lime modification (or lime improvement) usually requires between 1-3% lime 
(as Ca(OH)2) and is a rapid process resulting in increased permeability, changes in 
plasticity and increased workability of the modified material (Arabi and Wild, 1989). 
The immediate response of clay soil to the addition of lime is that it generally becomes 
apparently drier, more friable and more easily trafficked and compacted by construction 
plant (Cobbe, 1988). These aspects of the lime-soil reaction are generally tenned 
"modification". Over time as the lime soil mix is allowed to cure, pozzolanic reactions 
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occur which are time and temperature dependent resulting in the growth of cementitous 
products increasing strength, volume stability, decreasing permeability and improving 
frost resistance (Arabi and Wild, 1989). These combined aspects are termed 
"stabilisation". 
3.5 Material Suitability for Lime Modification or Stabilisation 
9 Type and Percentage of clay minerals in the soil 
As stated in Chapter 2, clay minerals are generally composed of two basic units, these 
being the silicon tetrahedron and the aluminium or magnesium octahedron. All clay 
minerals are attacked when lime is added to a clay soil, although those possessing the 
highest available silica normally react most strongly (Bell, 1987; Cobbe, 1988). 
* Organic Matter 
Organic matter can preferentially adsorb calcium ions particularly affecting the strength 
development of lime treated clay soils. (Bell and Coulthard, 1990). The same applies to 
soils treated with cement as cement hydration can also be retarded or completely 
prevented (Sherwood, 1992). The retardation is caused by organic compounds that 
combine with the lime liberated during cement hydration, which reduces the pH below 
the value required for hydration. It is the type rather than the amount of organic matter 
that is the critical factor, and therefore a simple determination of total organic content is 
a poor guide to the presence of deleterious compounds. 
4P Sulphates 
Sulphates occur in most of the major clay formations in the UK and are usually low in 
the surface layers and increase progressively with increasing depth. Therefore the 
absence of sulphates in the surface layers of a clay soil is no indication of true sulphate 
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content. Sulphate may be present as a component of the soil, may be produced by the 
oxidation of sulphides (e. g. pyrites) in the soil, or may be introduced into the soil by 
groundwater (Perry et al. 1996). Swelling can either be caused by the formation of 
gypsum when sulphates (e. g. sodium sulphate or sulphuric acid from pyrites oxidation) 
react with lime, which can be detrimental to the treated materials strength and cause 
deformation, or more commonly by the formation of deleterious phases containing 
sulphates, such as ettringite or thaurnasite (Sherwood, 1993). 
3.6 Lime-Clay Reactions 
3.6.1 Introduction 
There are basically three types of reaction (both physical and chemical) between soil 
and lime. They are: cation exchange, flocculation (or agglomeration), and pozzolanic 
reactions (Bell, 1987; Cobbe, 1988). In addition lime carbonates by reacting with C02 
in the air. If quicklime (CaO) in used in lime stabilisation, it immediately reacts with 
water on mixing to form slaked or hydrated lime (Ca(OH)2) thus: 
CaO + H20 --> Ca(OH)2 + Heat 
f Eq. 3.2 
The advantages of the exothennic reaction (Eq. 3.2) are twofold. Firstly the heat raises 
the temperature, encouraging more effective cementation, and secondly the heat helps 
the evaporation of water in heavy, waterlogged clay soils. The slaked lime raises the pH 
of the mix to around 12.4. 
Ca(OH)2 -> Ca 
2+ + 20H' + TpH Eq. 3.3 
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Alumina and silica from the clay dissolve at a pH of at least 10.5 and go into solution 
(Snedker and Temporal, 1990), as do (depending on their solubility) any existing 
sulphate minerals in the clay soil. The reactions that follow are complex and depend on 
other variables such as clay mineralogy, temperature and sulphate type and content. 
3.6.2 Flocculation. 
Lime addition immediately transforms a clay soil that would otherwise soften, collapse 
and disperse in water into a firm water-resistant material. Cation exchange may be 
triggered by: a) broken Si-Al bonds at the particle edges and cleavages, such as those 
created during compaction and/or grinding (Sloane, 1965), or b) cation substitution 
within the lattice structure. Depending on the unit structure, Si4+ may be replaced by 
A13+ in the tetrahedral structure, while in the octahedral unit Mg2+ may replace A13+ . 
This is termed isomorphous substitution. When the substituted element has the same 
valency as the substituting element this is of little consequence, but when the valency of 
the latter is of lower valency the crystal then carries a net negative charge and an 
equivalent number of positively charged ions (cations) are attracted to the crystal 
surface from the soil water and in addition the clay crystal is slightly deformed. If a soil 
is already saturated with, calcium, magnesium, ferrous or ferric cations, exchange will 
not occur when lime is added, but the increased concentration of cations is thought to 
cause a "crowding" of cations around the particles. This crowding leads to a reduction 
in the thickness of the double diffuse layer allowing closer approach of particles and 
hence increased attraction due to increased Van der Waals forces (the forces of 
attraction that occur between particles of matter), causing flocculation (Cobbe, 1988). 
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Flocculation results in the formation of irregular aggregates of particles and hence lower 
packing density, less regular particle packing and thus increasing permeability and 
reducing density. The rate and effectiveness of flocculation due to lime stabilisation 
relies heavily on the type of clay minerals present in soil. Isomorphous substitutions 
(and therefore crystal imperfections) are few in kaolinite and so, despite the relative 
weakness of the hydrogen bond, the particles tend to be large and have a low net 
negative charge resulting in adsorption of cations to crystal surfaces (Cobbe, 1988). 
Cation exchange occurs principally around broken edges and comers in kaolin clay 
minerals, with the number of sites increasing as the particle size decreases and also 
where the occasional exposed hydroxyl ions disassociate with the hydrogen ion being 
replaced by a cation. Poorly crystalline clay minerals with a 2: 1 structure such as illite 
experience frequent isomorphous substitutions of aluminium. (A13+) for silicon (Si4+) in 
the tetrahedral layers. This results in a net negative charge, which is balanced by the 
adsorption of cations between the crystal sheets. Adsorbed cations result in variably 
shaped and sized illite crystals, other than when the adsorbed cation is potassium as a 
perfect fit is then achieved. 
3.6.3 Pozzolanic Reactions 
A pozzolan is a material that is capable of reacting with lime in the presence of water, at 
ordinary temperatures, to produce cementitious compounds. Clay minerals are natural 
pozzolans and have the ability to react with lime to produce cemcntitious products 
(Sherwood, 1993). Pozzolanic reactions give rise to the formation of various types of 
hydrated calcium silicate and calcium aluminate cementing agents and are time 
dependent, with strength developing gradually over a long period of time (in some 
instances taking several years) (Bell and Coulthard, 1990). The actual reaction products 
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formed vary depending on clay type, temperature, lime content and curing time, though 
it is generally recognised that the principal cementitious product is a calcium silicate 
hydrate (C-S-H) gel (Bell 1987; Cobbe, 1988; Arabi and Wild; 1989). Work by Al- 
Rawi (1981) highlighted the importance of temperature, especially during the curing 
period, of lime stabilised clay soils. He noted that increased curing temperature (50T, 
compared with similar tests at 20*C) resulted in large increases in unconfined 
compressive strength even when the stabilised material was soaked. Bell (1988) 
hypothesised that the long-term strength development of lime-clay material may be 
attributed to the gradual crystallisation of C-S-H gel forming an interlocking structure, 
although this is disputed by Wild et al. (1989) who argued that an impermeable pore- 
filling gel is formed rather than a crystalline material. Small amounts of crystalline 
calcium aluminate hydrate (such as C4AH13 and C3AH6) and calcium aluminate silicate 
hydrate phases (C2ASH8) forrn in some circumstances, particularly in lime-stabilised 
kaolinite, which has a high alumina content (Arabi and Wild, 1989). 
3.7 Property Changes 
3.7.1 Introduction 
It is the clay fraction and content of the soil that the construction engineer must pay 
attention to when considering stabilisation. Changes in material property include 
changes to consistency limits (i. e. liquid limit (LL), plastic limit (PL) and plasticity 
index (PI)) and changes to compaction parameters (i. e. optimum moisture content 
(OMC) and maximum dry density (MDD)). Other changes include unconfined 
compressive strength (UCS), California bearing ratio (CBR), expansion and volume 
stability and where applicable changes in freeze thaw properties. 
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3.7.2 Consistency Limits 
Calcium ions from the lime cause a reduction in the plasticity of cohesive soils, so they 
become more friable and have greater workability. The changes in plasticity is caused 
by the flocculation of the clay particles from the addition of lime (due to cation 
exchange or the crowding of additional cations onto the surfaces of particles of clay, 
hence clay particles become electrically attracted to one another (Bell and Coulthard, 
1990)). In calcareous soils the clay may be saturated with calcium ions before the 
addition of lime but cation exchange may still occur. (Calcareous soils may have a pH 
value up to 8.5 but the addition of lime potentially raises the pH to 12.4) (Sherwood, 
1993). Although bonding between the clay particles within the floc or aggregate is 
increased, the bonding between clay aggregates is relatively weak and they behave like 
particles of silt. Very small quantities of lime are required to bring about these changes, 
the amount being around 1-3% depending on the type of clay minerals present in the 
soil (Bell, 1987). The liquid limit (LL) is generally lowered by the addition of lime. 
However the liquid limit of kaolinitic clay may remain unchanged after lime treatment, 
or even increase (Bell, 1988; Arabi and Wild, 1989). According to Croft (1964) the 
increase in LL depends on the OH- ion concentration in the pore fluid which modifies 
the affinity of clay particles to water. The addition of lime results in the introduction of 
more OF ions. Polarised water molecules are therefore attracted and bound to the clay 
layer surfaces by the formation of hydrogen bonding (Arabi and Wild, 1989). The rate 
of increase in plasticity index (PI) with lime addition increases in a similar order to 
cation exchange capacity i. e. kaolinitic clays - illitic clays - montmorillonitic clays 
(Bell, 1987; Sherwood, 1993). Researchers have noticed that lime treated kaolinitic 
clays are rather variable in terms of consistency limits. Abdi (1992) reported a decrease 
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in LL and PI in kaolinitic clays with additions beyond 6% Ca(OH)2, though he reasoned 
that the use of clay with a very high kaolinite content (84% by weight) could be the 
cause of the erratic behaviour. 
3.7.3 Dry Density and Moisture Content 
Compaction of lime-stabilised soil is more tolerant than cernent-stabilised soils. Not 
only is delay less critical, but so also is compaction moisture content. In other words, 
lime flattens the compaction curve ensuring a given percentage of the prescribed density 
can be achieved over a much wider range of moisture contents, so that relaxed moisture 
control specifications are possible (Ingles and Metcalfe, 1972; Bell, 1988). The addition 
of lime to all clay increases the optimum moisture content (OMC) and reduces the 
maximum dry density (MDD) for the same compactive effort. The decrease in density is 
not only dependent on lime percentage, but also on the amount and type of clay 
minerals present. Croft (1964) reported that higher compaction densities were obtained 
in lime treated clays with low cation exchange capacities (i. e. kaolinite) than in clays 
with higher cation exchange capacities (i. e. montmorillonites). A pronounced decrease 
in compactive density occurs with increasing time intervals between mixing and 
compaction and so maximum density occurs at somewhat higher optimum moisture 
content. Moreover if a lime-soil mixture remains uncompacted it undergoes 
carbonation, the cemented particles then behave like sand grains and any subsequent 
compaction is not as easy (Bell, 1988). 
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3.7.4 Strength Development 
The strength development of a lime stabilised soil is primarily dependent on the 
pozzolans present, but is also influenced by other factors such as soil type, type and 
amount of added lime, curing time and condition (temperature and water availability), 
moisture content, unit weight and compaction moisture content (Ingles and Metcalfe, 
1972; Bell, 1988). These are outlined below. 
ip Amount and Type ofLime: 
Ingles and Metcalfe (1972) noted that montmorillonitic clays give lower strengths with 
dolomitic limes than high calcium or semi-hydraulic limes. Kaolinitic clays on the other 
hand yield the highest strengths when mixed with semi-hydraulic lime and the lowest 
strengths are obtained with high calcium limes (Bell, 1988). 
9 Clay Type: 
Stabilised kaolinite achieves higher strengths than illite, chlorite or halloysite, though it 
is generally the expansive clays that show more rapid rates of increase in strength than 
other clays (Bell, 1988). The amount of the clay minerals has little effect on strength 
development. Soils with high clay contents are not more responsive to lime than are 
soils of low clay contents. Hence it would appear that the absolute amount of silica or 
alumina required to sustain pozzolanic reaction in soils is relatively small (Bell and 
Coulthard, 1990). 
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* Curing Tinte and Compaction: 
Curing is one of the major variables influencing the strength development of lime 
stabilised soil and its effect on strength is a function of time, temperature and relative 
humidity. Al Rawi, (1981) found that increased temperature resulted in a large increase 
in the unconfined compressive strength (UCS) of lime-stabilised clays. It is widely 
observed amongst researchers that strength first increases rapidly, notably during the 
first seven days of curing, then increases more slowly at an approximately constant rate 
for about 15 weeks. This supports the view that cementitious products due to lime-clay 
reactions begin to form at an early stage (as soon as flocculation is completed). Workers 
such as Mateous (1964) and Arabi and Wild (1989) found that specimens cured at 35"C 
developed more than twice the strength of those specimens cured at 25'C. In fact, 
temperatures less than 4"C retard or may even terminate the lime-soil pozzolanic 
reaction (Thompson, 1968). 
* Moisture Content: 
The strength of lime stabilised clay soils decreases with increasing natural moisture 
content (Bell, 1988). Even three months after lime stabilisation the strength of the clays 
with high natural-moisture contents remains low. Conversely, lime-soil mixtures 
compacted at moisture contents above optimum attain, after brief periods of curing, 
achieve higher strengths than those compacted with moisture contents less than 
optimum (Bell, 1987) as the lime is more uniformly dispersed in a more homogeneous 
environment when excess water is present. Also, sufficient water is available for cation 
exchange to take place as well as maintain low air voids (Cobbe, 1988). 
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e Unit Weight and Compaction Moisture Content: 
Wild et al (1999) reported that compacting soil-lime mixes either wet or dry of 
optimum moisture content minimises the potential for future expansion. Inter particle 
void space is greater both wet or dry of MC than at OMC and therefore there is more 
space available to contain developing expansive products, such as ettringite. 
The compactive effort significantly influences strength as shown by Mateous (1964), 
(as reported from Bell (1987)). He showed that when the compactive effort was 
increased from standard, the compressive strength of lime-soil mixtures increased by 
50-250% for both I and 28 day curing periods. Mitchell and Hooper (196 1) showed that 
samples of clay and lime, compacted within one hour of mixing, attained a higher 
strength than those that were compacted after 24 hours had elapsed. 
3.8 Swelling in Lime-Stabilised Soils. 
Swelling of clay soils (discussed in chapter 2) is mainly caused by an increase in the 
basal spacings due to water adsorption between layers and is generally confined to clay 
soils containing significant levels of montmorillonitic clay minerals. In the presence of 
lime and/or salts such as sulphates, osmotic suction (i. e. the negative gauge pressure to 
which a pool of pure water must be subjected in order to be in equilibrium through a 
semi-permeable membrane with a pool containing a solution identical in composition 
with the soil water) must also be considered (Krahn. and Fredlund, 1972). 
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The addition of lime to clay soils will affect the engineering properties of the material 
and, in time will result in the formation of cementitious products that cement the clay 
plates together. Cation exchange (mainly involving Ca 2+ ions introduced by lime) and 
cementation can reduce water adsorption properties at clay particle surfaces, reducing 
the potential of the clays to swell (Bell, 1988; Arabi and Wild, 1989). The Department 
of Transport (DoT) allows an average swell for lime-stabilised material of <5mm 
measured on the standard 127mm high CBR mould - i. e. 4% linear expansion after not 
more than 72 hours mellowing, followed by 3 days of curing and 4 days of soaking. A 
test specimen swelling to more than 10mm (around 8% linear expansion) renders the 
soil unsuitable for stabilisation. These limits are rarely exceeded unless the presence of 
sulphates is confirmed. 
3.9 Effects of Sulphates on Lime Stabilisation 
3.9.1 Occurrence of Sulphates. 
Sulphates are found in natural ground in solid form as crystals or nodules within the soil 
matrix or within open soil discontinuities such as joints, faults and fissures. They are 
also found as dissolved ions in groundwater occupying the pore spaces within the soils 
and filling joints and fissures below the groundwater table. Within the soil, sulphate 
most commonly occurs as calcium sulphate in the form of selenite or gypsum 
(CaS04.2H20), but also as magnesium sulphate in the form of epsomite (MgS04.7H20), 
as potassium sulphate in the form of arcanite (K2SO4) and as sodium sulphate in the 
form of thernadite (Na2S04-IOH20) or Glaubers salt (Kinuthia, 1997; Thaumasite 
Expert Group, 1999). Sulphates generally tend to occur naturally in regions of limited 
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rainfall as primary constituents of Sabkha-like deposits and evaporite cycles in such 
places as Australia and certain areas of the USA, though significant amounts are found 
today in more temperate regions. However, sulphates tend to show a non-uniform 
distribution in many clay soils in the UK. Work by Bessey and Lea (1953) suggests 
sulphate concentration may vary widely due to wide seasonal variations with rainfall. 
Certain salts such asM9SO4and Na2SO4can also be contained in industrial waste that 
may be used in pavement and/or other construction (Li et al. 1996). Calcium sulphate is 
commonly found in the UK, especially in Triassic and Jurassic soils such as the Mercia 
Mudstone Group and Lower Oxford Clay. 
Reports of problems of heave in lime stabilised soils, due to sulphate attack and 
ettringite (and/Or thaumasite) formation have previously attributed the problem solely to 
the presence of sulphates in the soil (normally selenite or gypsum). 
3.9.2 Pyrites 
Many soils contain iron pyrites (FeS2) which, when exposed to a moist atmosphere, 
oxidises to produce sulphates and oxides or hydrated oxides of iron (Robbins, 1990a/b; 
Hawkins, 1992). In fact sulphate, in the form of gypsum present in soils, normally 
derives from the reaction of weak sulphuric acid (originating from sulphide oxidation) 
with calcite. Therefore even if a soil is sulphate free, it is possible that over time 
oxidation of pyrites may greatly increase its sulphate content. The likelihood of heave in 
lime-stabilised material containing pyrites will depend upon the rate and degree of 
oxidation of the pyrite after its exposure to the atmosphere and within the stabilised 
layer. According to Midgely (1978), pyrites can occur in two forms, reactive and non- 
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reactive. When immersed in limewater the reactive form produces, rapidly, a blue-green 
precipitate of ferrous hydroxide, which is further oxidised to brown ferric oxide. An 
example of a source of such reactive pyrites is in Thames River gravel. The degree and 
rate of pyrites oxidation depends greatly on the surrounding chemical environment. 
Marsh waters sometimes contain pyrites, which oxidises under suitable conditions to 
produce free sulphuric acid, which is then neutralised by bases present in the soil to give 
sulphate salts. If however the pyrites remains below the water table no oxidation takes 
place due to oxygen starvation. Oxidation is most rapid in regions of fluctuating water 
level. The oxidation of pyrites during weathering proceeds chemically in moist air to 
produce sulphuric acid and ferrous sulphate and particularly in an acid environment this 
process may be assisted by autotropic bacteria, such as Thiobacillus Ferrooxidans 
(Backes et al. 1986; Komnitsas et al. 1995), which further oxidises the ferrous sulphate 
to ferric sulphate. The oxidation rate is greater for fine-grained amorphous and impure 
forms of pyrites, and where bacteria are involved optimum conditions are an acidic 
environment and a temperature of about 35*C. If calcite is present then gypsum will be 
produced (Eq. 3.4 and 3.5) and this in itself can involve volume increases and heave 
(Hawkins and Pinches, 1987). 
FeS2 + 7/202 + 8H20 -> FeS04.7H20 
+H2SO4 Eq. 3.4 
CaC03 + H2SO4 --ý CaS04.2H20 + C02 
T Eq. 3.5 
Nonnally in mudrock formations, such as Oxford Clay, the deepest and least weathered 
deposits contain calcite and pyrites with no gypsum and these become successively 
replaced by gypsum in the upper levels. The pyrites often occurs as disseminated grains 
of 0.1-0.5 ýtrn diameter or as framboids (pyrite clusters 2-40ýtrn in size). Although many 
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reports of heave, due to pyrites oxidation, have focused on acidic environments 
(Thomas et al. 1981; Cripps et al. 1994), work by Cassanova et al. (1996,1997) has 
considered pyrite oxidation over a wide pH range. They report earlier work by Singer 
and Stumm. (1970) and Nicolson et al. (1988) that indicate that the rate of sulphide 
oxidation is pH dependent between 4.5 and 6, and pH independent below 3.5, and 
between 7.5 and 8.5. They demonstrated, from thermodynamic considerations, that no 
iron sulphide would be stable above a pH of 10. Cassanova et al. (1996,1997) also refer 
to experimental evidence from Hawkins (1992), that the speed of oxidation is greatly 
enhanced under strongly alkaline conditions (12.5<pH<13.7), the rate increasing 50 
times for every 1.2 increase in pH. They also establish that ferrihydrite (Fe(OH)3) is the 
predominant sulphide oxidation product under alkaline conditions (Eq. 3.6). 
FeS2 + 4.502 + 2H20 -> Fe(OH)3 + 
2SO4 2- + H+ Eq. 3.6 
In concrete in which pyrites is present in the aggregate, the rate of oxidation is slow and 
depends strongly on the alkalinity of the pore solution, the availability of molecular 
oxygen and the grain size (Cassanova et al. 1997). Also the volume increase associated 
with the formation of ferrihydrite is small compared to that of monosulphate or 
ettringite formation (from the reaction of sulphate ions with Portlandite and/or C3A). 
Cassanova et al. (1997) establish, from observations of the sulphoaluminate phases 
formed in a concrete containing pyrites, that sulphate attack can be induced by the 
oxidation of sulphides. This therefore suggests that sulphate attack and swelling could 
also be induced in lime-stabilised soil by oxidation of pyrites. An example of such a 
case was seen at the Banbury IV section of the M40 in the UK. It was found that lime- 
stabilised material (a pyrite-rich Lower Liassic mudrock) had swollen and heaved due to 
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sulphate attack, even though the material was initially found to have a sulphate content 
(expressed as S03) of less than 1%. Snedker and Temporal (1990) reported that in 
places the stabilised material had heaved up to 150mm. From field studies they deduced 
the following: 
* There was a strong relationship between moisture content (and related swell) and the 
total sulphate content in the lime stabilised material. 
* The total sulphate content of the stabilised material was generally greater than that 
of the underlying sub-fon-nation suggesting a contribution from external sources 
possibly through groundwater, (Robbins (1990b) reported that the sulphate levels 
were as high as 4% in and below the stabilised layer). 
9 The total sulphate content of the unstabilised sub-formation material was generally 
higher than the values recorded in the same material in the ground investigation 
prior to stabilisation. 
Snedker and Temporal postulated that the disruption of the stabilised material was 
caused by the fonnation of ettringite and/or thaumasite in the presence of water due to 
rising sulphate levels caused by the oxidation of pyrites in the disturbed Lower Lias. 
Robbins (1990b) also reported that the use of lime stabilisation methods on a pyritic 
mudstone probably inadvertently oxidised the pyrites and formed gypsum. 
If lime were added to a soil containing metal sulphates, such as Na+ or K+, the pH of the 
system would increase above that of a saturated lime solution (i. e. 12.4 pH). 
Ca(OH)2 + Na2S04 +2H20 -> 2NaOH + CaS04.2H20 Eq. 3.7 
pH 12.4 -> pH 13.8 
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However, it is thought that the addition of lime to soils containing pyrites reduces the 
pH of the system by precipitation of gypsum and geothite, thus: 
2Ca(OH)2 +7.5/202 + FeS2 + 2.5H20 --> 2CaSO4.2H20 + FeOHO Eq. 3.8 
PH 12.4 -> PH 
ý 
3.9.3 Lime-Clay-Sulphate Reactions 
At high pH values of at least 12.4 provided by lime in solution, the clay fraction of the 
soil reacts with sulphates (Snedker and Temporal, 1990). Also the more Ca2' ions 
introduced to a clay soil, the more sulphate ions are adsorbed, especially in soils rich in 
iron and alumina (Bolan et al. 1993). At high concentrations, alkali metal sulphates can 
increase the pH of the pore solution to such a high level that lime (Ca(OH)2) becomes 
almost insoluble (Li et al. 1996) (Eq. 3.7). The effects of sulphates on lime treated soils 
differ from the effects of sulphates on untreated clays (Bell, 1988). In lime-treated soil, 
the unconfined compressive strength (UCS) increases with a low sulphate content 
(around 1%), especially when the water content of the soil exceeds optimum moisture 
content (OMQ or compaction moisture content (Bell, 1988). In contrast the UCS of 
untreated clay (i. e. without stabiliser) is reduced by the presence of sulphates regardless 
of moisture conditions (Stevens and Littleton, 1989). Kinuthia et al. (1999) also found 
that added sulphates lowered the liquid limit of lime-stabilised kaolinite, though the 
magnitude of lowering depends on the nature of the sulphate cation(s). He also points 
out that the changes in Atterberg limits and in compaction characteristics result mainly 
from cation exchange processes that affect the viscosity of the clay-water mix. There is 
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evidence that early formation of ettringite and gypsum may also influence these material 
properties. 
The presence of sulphates influence the engineering properties of lime-stabilised clay 
soils and can influence both the reaction mechanism and the reaction products. The 
increased pH due to lime addition allows the release of both alumina and silica from 
clay minerals. Normally the calcium sulpho-aluminate phase ettringite (C3A. 3CS. H32) is 
formed first and at low sulphate concentrations the metastable phase (C3A. CS. HI2) may 
also be observed (Abdi and Wild, 1993; Waswa et al. 1993; Kinuthia et al. 1999). 
Additionally, at low temperatures where carbonate is present thaumasite 
(Ca2[Si(OH)612-(SO4)2(CO3)224H20) can occur. It is well documented that cttringite and 
thaumasite can, under certain conditions cause severe damage to concrete structures and 
stabilised soil pavements independently or together (Hunter, 1988; Snedkcr and 
Temporal, 1990; Bickley et al. 1995; Thaumasite Expert Group, 1999). 
As previously mentioned, pozzolanic reactions involving calcium ions and liberated 
silica from the clay minerals produce the strength-forming calcium silicate hydrate (C- 
S-H) gel, which is also the principal long-term cementing component of the lime-clay 
reaction. However C-S-H gel requires a pH of about 12.5 in order to remain stable and 
breaks down as pH drops towards 10.5 (Gaze and Crammond, 2000). Once the C-S-H 
starts to decompose it releases lime into the system and, depending on the system, 
brucite, ettringite or thaumasite may be precipitated. A continuous reduction in pH 
ultimately results in complete C-S-H breakdown as the pH drops towards 10.5. As 
demonstrated in Eq. 3.8 it is possible that the oxidation of pyrites in a stabilised clay soil 
may reduce the pH of the system, resulting in the breakdown of the strength-giving C-S- 
AA 
Bari Thomas (2001) 
Universitg Of Glamorgan 
Chapter 3, Lime-Soil Stabilisation. 
H gel and a subsequent reduction in strength (under these low pH conditions ettringite 
would also be unstable). Under conditions where ettringite is stable, in addition to being 
incorporated in the ettringite, some of the liberated alumina can combine with other ions 
in the system and be incorporated in the cementitious products, whilst some silicon may 
also be taken up in the formation of ettringite. For example Wild et al. (1993), working 
with near pure kaolinite mixed with lime (6%wt) and various percentage additions of 
gypsum, found two principal reaction products of the hydrating system using TEM 
(transmission electron microscopy). The first was a fibrous amorphous calcium 
aluminate silicate hydrate (C-A-S-H) get containing small amounts of sulphur, and the 
second were rods or needles of a calcium sulpho-aluminate hydrate of composition 
similar to that of ettringite, but which also contained significant amounts of silicon. 
3.10 Ettringite Formation 
Lime-clay reactions provide further complications in the presence of sulphates in that 
they produce expansion principally as a result of ettringite formation (Abdi and Wild, 
1993). The use of the term ettringite without qualification normally refers to "sulphate 
ettringite", which has the formula C6AS3H32. Ettringite can be represented either in 
cement chemistry notation as C3A3C-SH32 or C6AS3H32 (i. e. 
3CaO. Al203.3CaSO4.32H20) or in the structural chemistry notation as 
Ca[AI(OH)612(SO4)326H20). However, it should be noted that ettringite is in fact a 
general term used to denote a group of minerals, all with very similar crystal structures 
(Day, 1992) and in the current work the term "ettringite" refers to both amorphous and 
crystalline ettringite. 
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After the dissolution of alumina and silica at high pH from the clay and of the sulphate 
minerals, Wild et al. (1993) theorised that a colloidal product forms on the clay particle 
surfaces consisting of a complex calcium-silicate-sulphate-aluminate-hydrate (C-A-S-S- 
H). The SIS ratio of the colloidal product increases progressively with curing/soaking 
time due to its property of attracting sulphate ions and rejecting the silicate ones, due to 
the differing solubilities. Eventually, within this colloidal product a compound with 
little or no silica in it is precipitated as ettringite. Ettringite precipitation is a direct result 
Of [S04]2- ion supersaturation. The minimum pore-fluid sulphate concentration 
necessary to stabilise ettringite in various calcium sulpho-aluminate systems has been 
found to depend mainly on pH, temperature and sulphate ion concentration. Above 
50"C ettringite is not generally formed at sulphate concentrations below 5XIO-4 
mole/litre sulphate, while at 50C only 2xI 0-7 mole/litre would be required (Glasser, 
1996). 
Ca2+ + 2AI(OH)4" + 3[SO4]2- + 40H'+ 26H20 <* (Ca6[AI(OH)612.24H20) . (S04)32H20 
Eq. 3.9 
The formation of ettringite, sometimes accompanied with the formation of gypsum 
(Eq. 3.10), lowers the concentration of Ca2+ and [S04]2- in the pore solution. 
Ca 2++ [S04]2 + 2H20 <=> CaS04.2H20 Eq. 3.10 
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Assuming that the chemical environment during the cement hydration process is similar 
to that during the hydration process in lime-stabilised clay soils, a pore solution of high 
alkalinity would lead to the formation of fine ettringite crystals which form close to the 
clay particle surfaces, and if water is available this ettringite formation would be 
accompanied by large expansions. However, at lower pH, Al(OH)4- ions would move 
into the bulk pore solution and ettringite may precipitate in voids giving rise to little or 
no expansion (Glasser, 1996). Also ettringite is not stable in low-lime environments 
when the pH falls below approximately 10.5 (Gaze and Crammond, 2000; Santhanara et 
al. 2001). In Portland cement (PC), sulphate (usually in the form of gypsum) is 
intentionally added during manufacture to the cement clinker to form ettringite and 
inhibit "flash setting" of the C3A component of the cement during hydration (Day, 
1992; Neville, 1995). (The hydration of PC will be discussed in Chapter 4). Day (1992) 
demonstrates in cement related cases that ettringite withdraws water from the pore 
solution, increasing the concentration of OH- ions and therefore increasing the pH of the 
pore solution. This helps in maintaining the pH for further ettringite formation until all 
the reactants are depleted. 
3.10.1 Nature of Ettringite 
The nature and form of ettringite differs under differing chemical environments, making 
the understanding of the influence of ettringite on the expansive behaviour of stabilised 
clay soils very complex. Ettringite and its characteristics and stability are strongly 
dependent on pH, sulphate activity and temperature. 
47 
Bari Thomas (2001) 
University Of Glamorgan 
Chapter 3. Lime-Soil Stabilisation. 
* Influence of pH. Above a pH,,: zlO calcium sulpho-alurninate hydrates precipitate 
from solution in ordinary Portland cement systems (Mehta, 1983). Below this level 
only gypsum and alurninium sulphate are stable phases. Calcium sulpho-aluminate 
(ettringite (C3A3CSH32)) appears at a pHý110.5-10.7 and on further increase in pH 
monosulphate (C3ACSH12) appears, at pH;: 41.6. Mehta (1983) observed that 
ettringite formed in the presence of lime (high pH) consists of small, needle-like 
crystals and that ettringite formed in the absence of lime (lower pH) consisted of 
much larger lath-like crystals (six times as big), though the latter is almost colloidal 
in texture and is not formed of prismatic crystals. The exact pH value at which 
ettringite decomposes is unclear, though it is generally thought to be around 10.5 
pH. According to Santhanam et al. (2001) ettringite is not stable at a pH as high as 
11.5 and could decompose to form gypsum. However Gaze and Crammond (2000) 
suggest that ettringite found in crushed mortar tablets, which had been soaked in 
potassium sulphate solutions and exposed to the atmosphere for 53 days, had 
decomposed at a pH of 10.5. 
o Influence of Sulphate Ion Concentration: Almost all ettringite is eventually 
transformed to monosulphate at low sulphate concentrations (Neville, 1995). When 
sulphate is low in a system, for example in the hydration of Portland cement, little or 
no ettringite is present after 24 hours (Mehta, 1983). The conversion of ettringite to 
monosulphate takes place when the sulphate concentration falls below 2.35 mg/l. 
Also the conversion must be under C02 free conditions (<0.5%) (Kuzel, 1996). In a 
Moist C02 containing environment, ettringite carbonates to give calcite and alumina 
gel (Eq. 3.1 1). 
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3CaO. AI203.3CaSO4.32H20 + 3CO2 -> 
3CaCO3 + 3(CaSO4.2H20) +A1203. xH20 + (26-x)H20 Eq. 3.11 
Nishikawa et al. (1992), working on synthesised ettringite, reported two different 
carbonation mechanisms under dry and wet conditions. Under dry conditions, 
gypsum, calcium carbonate and ettringite were identified using XRD techniques, 
though only needle-like alumina deficient crystals were observed. Under wet 
conditions however, decomposition of ettringite to gypsum, calcium carbonate and 
alumina gels were evidently observed by XRD and SEM techniques. The 
differences in the carbonation mechanisms can be attributed to the excess or lack of 
water in or around ettringite. Carbonation of ettringite has also been observed in 
lime treated clay soils. Waswa et al. (1993), working on murram soil with additions 
of 5,10 or 15wt. % lime, attributed cracking and reduced strength of the stabilised 
material to a loss of integrity due to surface carbonation and decomposition of 
ettringite, resulting in enhanced swelling and softening of the outer layer of samples. 
More recently Gaze and Crammond (2000) reported that ettringite, formed in mortar 
tablets which were crushed, totally immersed in 200mls of dilute sulphate solution 
(0.42%SO4) and exposed to the atmosphere, was found to decompose at pH levels 
of around 10.5. However, ettringite was found to be abundant in similar samples 
that were not exposed to the atmosphere, as the pH remained relatively high (at 
around 13). It was concluded that the exposed samples (which exhibited a pH of 
between 7.7 and 6.5 after 63 days) were dominated by the effects of carbonation or 
"alkali carbonation" due to the generation of alkalise in the lime/sulphate reaction. 
As alkali metal hydroxides readily absorb C02, the presence of a carbonate (in this 
case K2C03) also allowed the carbonation of lime and the removal of calcium 
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sulphate and regeneration of the original alkali sulphate (Eq. 3.12). (Interestingly it is 
known that K2C03 solutions remove gypsum crystals from limestone statues 
damaged by acid rain (Gaze and Crammond, 2000)). 
K2CO3 + CaS04"ý CaC03 + K2SO4 Eq. 3.12 
Furthermore Gaze and Crammond suggest that sulphate attack by alkali metal 
sulphates in the field may well be accompanied by an accelerated rate of 
carbonation. Normally carbonation (via the dissolution Of C02 in water) is inhibited 
by very dry or very wet conditions where the pores become filled with water. 
However, in the case of alkali carbonation, since (a) alkali metal hydroxides are 
hygroscopic and (b) their solutions have a strong affinity for C02 it seems unlikely 
that inhibition would apply to the same extent. Additionally, if ettringite forms and 
is then partially removed, it may appear that a great deal of damage has been caused 
by only a small amount of ettringite. Complete carbonation combined with wash-out 
of the regenerated alkali sulphate could lead to what might be termed "fossilised 
sulphate attack", where only the physical effects are preserved. 
Influence of Temperature: Ettringite remains stable until 50"C when its solubility 
increases and at 100*C it becomes unstable and disappears (Glasser, 1996). Mitchell 
(1986) reported that at temperatures below 15T ettringite can (under the right 
circumstances) undergo carbonation to form thaumasite. However more recent work 
using photo-micrographs concludes that in hardened cement pastes thaumasite 
formation is the result of the attack and transformation, under moist conditions and 
low temperatures, of C-S-H gel. (Crammond and Halliwell, 1995). 
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3.10.2 Ettringite and Swelling 
Expansive behaviour due to ettringite formation has been reported in numerous 
cementitious systems. Examples of these include expansive cements, lime-pfa (fly ash) 
systems, Portland cement-stabilised colliery shale (Thomas et al. 1981) and delayed 
ettringite formation in steam cured concrete (Brown, 1965). There are also numerous 
examples of expansion due to ettringite formation in lime-stabilised soils. Mitchell 
(1986) drew attention to this phenomenon in a study of the failure of lime-stabilised 
pavement bases in Las Vegas, (USA). Distress to the pavement occurred two and a half 
years after completion. He also noted that in the failed areas the material had a much 
lower density and a much higher moisture content than in the unfailed areas. Significant 
amounts of ettringite and thaumasite were observed in both failed and unfailed zones. 
(Interestingly samples of the unfailed material were found to swell when placed in 
water. ) Failure was attributed to the expansive nature of ettringite. Later, Hunter (1988) 
reported on the heave of a lime-treated soil sub-base, also in Las Vegas (USA) and 
came to conclusions similar to those of Mitchell. The areas of major damage were found 
adjacent to a source of water and it was concluded that the availability of pore-water is 
the single most important factor controlling sulphate-induced heave. 
Expansion mechanisms resulting from ettringite formation have been explained by two 
theories: Crystal Growth theory and the Swelling theory. Mitchell (1986) believed 
expansion in lime-stabilised clay in the presence of sulphates to be partly caused by the 
growth of ettringite crystals formed on the clay particle surfaces. Others have suggested 
that it may be concentration gradients and osmosis that induce water intake. In this 
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model osmotic pressure arises from concentration differences of dissolved ions between 
the solid particles and the surrounding liquid phase, separated by a colloidal gel from 
which ettringite crystallises (Krahn and Fredlund, 1972). Mehta (1983) found that 
ettringite formed in the presence of lime was gel-like, with a large surface area and 
unsatisfied negative charge. He concluded from observations of swelling in a Portland 
cement system that the colloidal (or gel-like) "ettringite" would imbibe large numbers 
of water molecules and generate swelling pressure leading to an overall expansion of 
the system. Similarly, Wild et al. (1993), testing kaolinite with various lime and gypsum 
contents, agreed that osmotic swelling will take place within the colloidal layer in 
regions of high sulphate concentration in close proximity to the developing ettringite 
rods at the clay particle surfaces. However, it may not be appropriate to classify this 
product as ettringite because by definition ettringite is a crystalline mineral of fixed 
composition. Wild and co-workers go on to say that if moist curing of the lime- 
stabilised material is carried out where there is no continuous supply of water, then 
crystalline ettringite continues to develop along with the fibrous C-A-S-H gel until 
reaction is complete. At this stage the material becomes dimensionally stable and 
contact with water no longer produces large increases in volume. 
3.11 Thaumasite Formation 
Thaumasite is a heavily hydrated triple compound of calcium silicate, calcium sulphate 
and calcium carbonate in the ratio 1: 1: 1 (Varma and Bensted, 1973) that occurs: i) 
naturally as a rare mineral in metamorphosed rocks that have undergone hydrothermal 
changes with time (Bensted, 1999); ii) as a weathering product (Wilson, 1978); iii) as a 
consequence of sulphate attack on concrete (Crammond and Nixon, 1993; Collepardi, 
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1999; Gaze and Crammond, 2000), and iv) as a consequence of sulphate attack of soil 
cements (Gouda et al. 1975). The thaumasite form of sulphate attack (TSA) differs from 
conventional sulphate attack because it is calcium silicate hydrate (C-S-H) (the main 
binding agent in all Portland cements), which is targeted for reaction as opposed to the 
calcium aluminate hydrates (C-A-H) attacked in ettringite formation. The formation of 
thaumasite is therefore accompanied by a reduction in the binding ability of affected 
cement in hardened concrete, resulting in a loss of strength and transformation into a 
mushy, un-cohesive mass (Thaumasite Expert Group, 1999). The expansive disruption, 
which is normally associated with sulphate attack, sometimes accompanies the 
fon-nation of thaumasite, but is not a characteristic feature. However, Gaze (1997) states 
that although thaumasite formation implies some C-S-H breakdown, usually occurring 
at around 10.5 pH, it is possible that calcium sulphate can attack the C-S-H implying 
that thaumasite may form at high pH where free lime is present. The formation of 
thaumasite requires the following conditions: 
*A source of calcium silicate (usually derived from cementitious calcium silicate 
phases present in Portland cements, but can be obtained from some clays); 
9A source of sulphate ions (derived from a variety of sources including surrounding 
soils and ground water, sulphate bearing clays, gypsum plaster; historical mortars 
containing gypsum and aggregates contaminated with sulphates/sulphides); 
*A source of carbonate (derived either from carbonate sources within the building 
component itself or less commonly, from C02 dissolved in surrounding 
groundwater); 
* Very wet, cold (<15"C) environment (Thaumasite Expert Group, 1999) 
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In other words, thaumasite is formed by a general reaction involving calcium ions, 
silicate, sulphate, carbonate and sufficient water to permit both transport of the 
potentially reactive species and interaction of these species under the low temperature 
conditions prevailing to form thaumasite. Its chemical formula is 
CaSi03. CaCO3. CaSO4.15H20 and has been successfully synthesised, in the laboratory 
using the ingredients calcium sulphate, calcium carbonate and both hydrated and un- 
hydrated calcium silicates with excess quantities of water (Bensted and Varma, 1974). 
3.12 Effects of Thaumasite Formation 
Sulphate attack on cement-based construction materials has been recognised in the UK 
for some time. Since 1990 however, a few cases of TSA have been discovered in good 
quality buried concrete. In the light of this discovery an expert group on thaumasite was 
set up by the British Government with the remit to produce interim advice and guidance 
on the implications for existing buildings and structures and for the design and 
specification of new construction in the UK. The report outlines several cases of TSA 
and delivers guidance and recommendations for new works. Although much of this is 
beyond the scope of this work, it is important to outline particular case studies and 
explain how TSA occurred. 
Macneil (1998) and Thaumasite Expert Group (1999) reported that bridges on the M5 
motorway in Gloucester, UK had decayed due to TSA in a way similar to corroding 
steel. It was discovered that sulphide bearing unweathered Lias clay was used as 
backfill around the concrete sub-structures. Disturbance and aeration of this clay 
resulted in oxidation of pyrite leading to a substantial increase in the sulphate content. 
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Sulphuric acid, the initial oxidation product, reacted with calcium carbonate in the Lias 
clay to form gypsum. These factors coupled with a cold environment resulted in the 
formation of thaumasite. 
Collepardi (1999) found that some historic buildings may contain gypsum or other 
sulphate salts. If they need to be repaired, C-S-H and C-A-H formed by the hydration of 
hydraulic binders used for restoration can react with water and gypsum and produce 
thaurnasite and/or ettringite. Due to the formation of these products, degradation of the 
repaired structures can occur causing expansion cracking, spalling and strength loss. 
Gouda et al. (1975) reported that thaumasite and ettringite or possibly a solid solution 
between the two, had affected and deteriorated a seven-year-old soil-cement with an 
S03 content of between 3.3 and 4.9%. The material had also been in contact with 
ground water containing about 2000ppm S03, was in a "cold" enviromnent and was 
contaminated with calcium carbonate. Lime stabilised clay soil pavements are also 
susceptible to TSA. Within a period of two years following lime stabilisation, adverse 
chemical reactions between lime and salts in the native soils caused heave at Stewart 
Avenue and Owens Street in Las Vegas, USA (Hunter, 1988). It was thought that TSA 
followed ettringite formation at temperatures <15'C in the presence of silicic and 
carbonic acid (Eq. 3.13). 
Ca6(AI(OH)6)2-(SO4)3.26H20 + 2H2SiO4 2- + 2CO3 2- + 02 
Ca6(Si(OH)6)2-(SO4)2. (CO3)2.24H20+ 2AI(OH)4-+SO4 2- + 40H- + 2H20 Eq. 3.13 
Hunter also noted the formation of secondary gypsum (Eq. 3.14). 
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Ca 2++S04 2, + 2H20 -> CaS04.2H20 Eq. 3.14 
TSA transforms C-S-H gel into a white, pulpy mass and although associated with heave, 
is not thought to be directly responsible for it. Hunter describes the mechanism of heave 
as a complex function of available water, the percentage of soil clay and ion mobility. 
The release of sulphate and aluminate involved in Eq. 3.13 would allow the fonnation of 
a swelling colloidal gel at advanced stages of curing. It is also possible that the 
formation of secondary gypsum assisted the heave of the stabilised material. 
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4 Other Methods of Soil Stabilisation 
This chapter deals with methods of soil stabilisation where a stabilising agent is added 
to a clay soil in addition to lime, which is usually employed as a soil modifier andlor 
activator prior to stabilisation. That is, the addition of a second material in order to 
achieve long-term strength, durability and dimensional stability. The two materials 
considered in the current work are Portland cement (PC) and ground granulated 
blastfurnace slag (GGBS). 
4.1 Portland Cement Stabilisation 
4.1.1 Introduction 
Cement is anýessential component of the construction industry. It binds together various 
raw materials, producing strong and durable products such as mortar and concrete. 
Cement has also been used effectively in the strengthening of granular materials such as 
soils (Herzog and Mitchell, 1963; Croft, 1967; Sherwood, 1992 among others). The 
most common cement is Portland cement (PC) -a name given to it due to the 
similarities in appearance of its hardened state with that of Portland stone (a limestone 
building material found in Portland, Dorset, UK). Portland cement is defined in BS12: 
1978 as "a product mostly of calcium silicate obtained by heating to partial fusion a pre- 
determined and homogenous mixture of materials containing lime and silica, with small 
proportions of alumina and iron oxide. " 
In cement chemistry it is usual to abbreviate chemical formulae to a shorthand notation. 
In this notation a single letter is used to represent the oxide of a metal or non-metal 
enabling the quick notation of complex compounds or compounds that have no mineral 
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name. The abbreviations used can be found in Table 4.1. There are four compounds that 
are usually regarded as the major constituents of cement: tricalciurn silicate (alite), 
dicalcium silicate (belite), tricalcium aluminate and tetracalcium aluminoferrite. These 
are listed together with their abbreviated symbols in Table 4.2. Cement is principally 
formed from four components; lime (C), silica (S), alumina (A), and iron oxide (F). The 
raw materials selected for cement manufacture reflect these requirements and are 
normally limestone or chalk (C), shale or clay (S and A) and hematite (F). 
Before discussing the role of PC in soil stabilisation, it is important to understand the 
hydration of standard Portland cement. 
Table 4.1 Oxide and abbreviated notations used in cement chemistry. 
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Table 4.2 Main compounds of Portland cement. 
Compound Name Oxide Composition Abbreviation 
Tricalcium silicate 
(alite) 
3CaO. SiO2 C3S 
Dicalcium silicate 
(belite) 
2CaO. SiO2 C2S 
Tricalcium. aluminate 3CaO. AI203 C3A 
Tetracalcium 
aluminoferrite 
4CaO. AI203. Fe2O3 C4AF 
4.2 Hydration of Portland Cement 
The hydration of standard PC is a chemical reaction between the phases present in the 
cement powder and water. As stated earlier, cement is composed of four phases, alite 
(C3S), belite (C2S), tricalcium alurninate (C3A) and tetracalcium aluminoferrite (C4AF). 
During production around 4-7% gypsum (CSH2) is added (the reason for which will be 
explained later). As water is introduced to the cement it reacts with the aforementioned 
phases. Hydration then commences resulting in the formation of a number of hydration 
products. It is these hydration products that contribute to the properties of the hardened 
cementitious material. As the alite and belite phases come into contact with water a 
calcium silicate gel (C-S-H), the primary binding component of the hardened PC paste, 
is formed (the reactions are shown in equation 4.1 and 4.2). 
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2C3S + 6H20 C3S2H3 + 3CH Eq. 4.1 
2C2S + 4H20 C3S2H3 + CH Eq. 4.2 
Alite reacts faster with water than belite and produces over twice as much portlandite 
(calcium hydroxide or hydrated lime - CH) than belite. Portlandite or lime is a by- 
product of the hydration process that is partially soluble, but has little or no 
cementitious value. As C3A comes into contact with water immediate stiffening of the 
cement paste (known as "flash set') occurs. To overcome this the added gypsum reacts 
with C3A in the presence of water to form the calcium sulphoaluminate ettringite 
(C6AS3H32). This is then followed by further reactions between the C3A and the 
hydration products already fonned to produce monosulphoalurninate (C4ASH12) and a 
calcium aluminate hydrate (C-A-H) phase. These reactions are shown in equations 4.3 
to 4.5. 
C3A + 3C-SH2 + 26H20 C6AS3H32 Eq. 4.3 
2C3A + C6AS3H32 + 4H20 3CASH12 Eq. 4.4 
C3A + CH + 12H20 C4AH13 Eq. 5.5 
It is the calcium sulphoaluminates that are the first hydration products to form and it is 
these that contribute to the early strength of cement. The C-A-H forms later in the 
hydration process, as it requires the presence of CH (derived from the alite and belite 
hydration). 
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TheC4AF phase follows a similar hydration process to thatOf C3A producing the iron 
equivalent of ettringite (C6FS3H32). monosulpho ferrite (C4FýHI2) and calcium ferrite 
hydrate (C-F-H). 
Ettringite dominates the hydration products in the early stages due to the abundance of 
sulphate ions from gypsum. As the sulphate ion concentration decreases with 
progressive hydration, ettringite becomes unstable and converts to 
monosulphoaluminate. The fonnation of cttringite (Eq. 4.3) involves a volume change 
with ettringite occupying a slightly smaller volume than the sum of its constituent parts. 
The volume-change from Eq. 4.3 results in a decrease of 8.59%. However, if the water 
consumed in this reaction is drawn from outside its volume would not be included with 
other reactants. Therefore, the change in volume on reaction would give an increase of 
128.2% (see Appendix A). This increase is accommodated without disruption when the 
cement is still in a plastic state but not after it has set and hardened. Ettringite formation 
reduces the sulphate concentration in the pore solution to such a level that monosulphate 
then becomes the more stable sulpho-aluminate phase (Eq. 4.4). However, if the 
concentration of sulphate ions in the pore solution should subsequently increase gypsum 
forms, causing the monosulphoaluminate to become unstable therefore converting it 
back to ettringite (Eq. 4.6). 
CH+S+H 
C4A5HI2+ 2CSH2+ 26H20 
CSH2 Eq. 4.6 
C6AL53H32 Eq. 4.7 
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If the reaction in Eq. 4.7 occurs in hardened cement then the formation of ettringite will 
lead to expansion and an increase in internal stress within the cementitious product and 
if unchecked will, in a similar way to lime stabilised soils (Chapter 3), cause damage. 
4.3 Soil Stabilisation with Portland Cement 
Portland cement is a primary stabilising agent, which can be used alone to bring about a 
stabilising action (Sherwood, 1993). As mentioned earlier C-S-H gel and C-A-H phases 
form during hydration, which in time produce a strong, hard matrix in which a granular 
material, like clay soil is embedded. As the hydration reaction proceeds from the surface 
of the cement grains the reaction is slow and the centre of the cement grains will 
normally remain unhydrated. There is a further reaction that takes place in most cement- 
stabilised soils. When lime (Ca(OH)2) is liberated from hydrating Portland cement it can 
combine with clay minerals in the soil. Over time this reaction may form C-S-H, C-A-H 
and C-A-S-H strength-promoting phases in a similar way to lime-stabilisation. Herzog 
and Mitchell (1963) substantiated this theory by testing cement stabilised kaolinitic and 
montmorillonitic clays. Using X-ray diffraction techniques, they found that the clay- 
cement specimens contained only a fraction of the free lime that would be present if 
normal hydration of the cement took place without interaction between the cement and 
the clay. It was concluded that the missing calcium hydroxide had participated in 
pozzolanic reactions with the clay minerals. More work by Herzog (1963) described 
cement stabilisation as the development of a strong, semi-continuous skeleton 
consisting of a hardened cement core and clay particles bonded by primary and 
secondary cementitious material. He divided the cement-clay reaction into two parts: 
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The primary reaction: where Portland cement hydrates and immediately produces 
cementitious gels subsequently producing a modification of the clay structure to a 
skeletal matrix-type system. The secondary reaction: where the lime originating from 
the cement reacts with the clay minerals to form strength giving phases over time. 
Unlike lime, cement can therefore, in principle, be used to stabilise any type of soil. 
However, in practice the difficulty of mixing cement with heavy clays means that lime 
is usually preferred as the stabiliser for such soils. Whether or not a bond fonns between 
the hardened cement matrix and the particles of the stabilised material depends on the 
chemical composition of the material. Soil mineralogy, sulphide and sulphate content 
and type and amount of organic material are all factors that affect stabilisation of clay 
soils by Portland cement. 
4.3.1 Soil Mineralogy 
Croft (1967) studied the mechanisms of soil-cement stabilisation and the influence of 
the common clay minerals on this process. He found that the weakly active clay 
minerals, such as kaolinite and illite had little effect on hydration and hardening of 
cement. He postulated that with ageing the increases noticed in unconfined compressive 
strength were attributed to the desiccation of gelatinous hydration products, the 
crystallisation of new minerals and to the reactions between lime and the clay minerals 
to produce secondary cementitious products, with the behaviour of illite similar to 
kaolinite. Montmorillonite is little affected by small additions of PC. The pH of the 
montmorillonite-cement aqueous phase dropped from 12.2 to around 10 in less than one 
week in mixes containing up to 10% cement. In the absence of a strongly alkaline 
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environment hardening of montmorillonite-cement mixtures was inhibited and the 
strength development retarded. Similarly, Akpokodje (1985) stabilised a series of clays 
and soils from and areas with cement and concluded that the high smectite 
(montmorillonite) and gypsum contents of soils resulted in a large strength reduction on 
soaking. He also found that the abundance of illite and carbonate in other soils tended to 
show less strength loss on soaking. 
4.3.2 Sulphide and Sulphate Content 
The presence of sulphates may have a detrimental effect on cement stabilised clay soils. 
In the presence of water, sulphates may cause problems by reacting with hydrated 
cement to form products that occupy a greater volume than the combined volume of 
reactants (Sherwood, 1992). Calcium hydroxide, a product of cement hydration, may 
react with sulphates and alumina (released from the clay) to form ettringite. Also it is 
possible that hydrated calcium aluminates (C-A-H phase) may react with calcium 
sulphate, again to form ettringite (Eq. 4.7) (Sherwood, 1992). 
4CaO. AI203,19H20+3(CaSO4.2H20)+7H20 -> 3CaO. Al2O3.3CaSO4.32H20 Eq-4-7 
Akpokodje (1985), found that the high content of gypsum and bassanite in soils tested 
from and zones render them unamenable to cement stabilisation due to high swelling 
and shrinkage. However it is not solely the presence of sulphates in the soil that can 
affect the quality of the stabilised material. Equally important is the presence of 
groundwater containing soluble sulphates. 
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Laboratory work by Barker and Hobbs (1999) proved that Portland limestone cement is 
susceptible to the thaurnasite form of sulphate attack (TSA) from sulphate solutions. 
Similarly, Crammond and Nixon (1993) commented on the deterioration of concrete 
foundation piles from TSA due in part to the sulphate bearing groundwater. Gouda et al. 
(1975) reported that a seven-year-old soil-cement pavement had been attacked by TSA. 
It was found that the material had been in contact with ground water containing about 
2000ppra S03. The presence of sulphides in the cement-bound material may also prove 
problematic as it is known that sulphide oxidation can lead to increased sulphate levels, 
which in turn increases the potential for the formation of deleterious phases such as 
ettringite and/or thaumasite (Thomas et al. 1981; Sherwood, 1992 and1993; Thaumasite 
Expert Group, 1999; Hobbs and Taylor, 2000). 
4.3.3 Organic Material 
The effect of organic matter is known to be closely associated with its ability to 
combine with calcium ions liberated by the hydrating cement. Maclean and Sherwood 
(1961) reported that the depth of soil containing "active" organic matter (or organic 
matter that may interfere with the hardening of cement stabilised soil) ranges from 0 to 
5 feet (Orn to 1.52m) in the UK depending on which major soil group the soil profile 
belongs. Sherwood (1992,1993) briefly mentions the potential effects of organic 
material on soils and agrees with Maclean and Sherwood (1961) that the effect of 
organic matter is mainly of significance in the case of the stabilisation of the surface 
layers of natural soils. As with lime, certain organic compounds may retard or even 
inhibit the hardening of stabilised soils making them impossible to stabilise with cement 
(Sherwood, 1993). Similarly as with lime stabilisation it is the type of organic 
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compound rather than the total amount that is important. The organic compounds able 
to interfere with the hydration of cement do so by virtue of their ability to react with 
calcium ions at the high pH values existing in cement-stabilised soils. Also water 
containing organic material can induce acid attack on concrete. Peaty water with C02 iS 
known to be particularly aggressive as it can have a pH value as low as 4.4 (Neville, 
1995). The ingress of water with such a low pH can lead to the decomposition of the 
products of hydration and formation of new compounds which, if soluble, may be 
leached out and, if not soluble may be disruptive in situ. The most vulnerable cement 
hydrate is Ca(OH)2, but C-S-H, the main cementing product, can also be attacked. 
Cowie and Glasser (1991) also commented on the reaction between cement and natural 
waters containing dissolved C02. Their results showed the formation of passivating 
layers of CaC03 formed due to Ca(OH)2 carbonation, and residual Si02 (gel) at the 
cement-water interface. The formation of these products results in strength loss in 
cements and if residual Si02 gel is present that means that the C-S-H has carbonated. 
4.4 Soil Stabilisation with Lime and Portland Cement 
It is known that cement can be used to stabilise most soils. The principal exceptions are 
those soils containing expandable clay minerals, clays with an appreciable level of 
sulphate or sulphide minerals, and soils containing organic matter in a form that retards 
the hydration of cement. In comparison with cement, the potential use for lime in soil 
stabilisation is more restricted. When used in equivalent amounts it generally produces 
lower strengths than does cement (Sherwood, 1993). The main application of lime is the 
modification of the engineering properties of the potentially stabilised material, and for 
use with clay soils that are difficult to stabilise with cement alone. Therefore it is 
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attractive to use a two-stage lime/cement stabilisation process whereby lime is added 
initially to modify the soil properties followed by the addition of cement to bring about 
a long-term increase in strength. Even where cement alone is effective the use of both 
lime and PC may prove advantageous. Tresoriere et al. (from Sherwood, 1993) found 
that a heavy clay soil of high pozzolanic activity, attained higher strengths when 
stabilised with lime and cement than it did with equivalent amounts of lime or cement 
used alone. Economic reasons dictate however, that this two-fold modification and 
cementation stabilisation process will be restricted to soils that are difficult to mix with 
cement only, due to their high plasticity. 
Two-stage stabilisation is becoming increasingly common in the UK as contractors 
realise the economic benefits of improving in situ material rather than removal and 
replacement with costly imported materials. For example, in 1999 Tarmac Special 
Projects Ltd. stabilised a soft, sandy clay with 2% cement and 2.5% lime at the site of 
the New Acute and General Hospital, Dartford, UK (DoETR, Digest 058,1999). 
Laboratory testing established that stabilisation had resulted in improved California 
bearing ratio (CBR) values in excess of 30%. However, lime (1.5%CaO) and cement 
(8.5% PC) stabilisation of a stretch of boulder clay at the A421 Tingewick bypass, UK, 
resulted in the heave of the stabilised material due to the oxidation of sulphides present 
in the material to sulphates causing sulphate attack (Higgins and Kennedy 1999). A 
further stretch of the same road stabilised using lime and ground granulated blastfurnace 
slag (GGBS) showed no signs of significant heave. 
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4.5 Lime-Activated Ground Granulated Blastfurnace Slag (GGBS) Clay Soil 
Stabilisation. 
4.5.1 Introduction 
Although itself not cementitious, GGBS (a by-product of pig-iron manufacture) 
possesses latent hydraulic properties which can be developed by the addition of an 
activator such as lime or another alkaline material. GGBS has been used with cement 
pastes and concrete as a partial replacement for PC (called "slag cement" where the slag 
is activated by lime during C2S and C3S hydration) and in super sulphated cements 
(SSQ, which contains around 70-85% GGBS together with a small amount of clinker 
and around 10-15% sulphate (usually gypsum or anhydrite). Slag has also been used in 
alkali-activated slag cement (AASQ, which is a mixture of GGBS and alkaline 
additive. Much laboratory work has been carried out on lime-activated GGBS 
stabilised-clay soils (Wild et al, 1996 and 1998; Kinuthia, 1997; Higgins, 1998; Higgins 
and Kennedy, 1999; Tasong et al, 1999; Wild and Tasong, 1999). As GGBS hydration 
is a complex process, it is important to discuss the hydration process and cementing 
properties of GGBS. 
4.6 GGBS Hydration 
There are several factors influencing slag hydration, including the chemical composition 
of the GGBS, the alkali concentration of the reacting system, the glass content of the 
GGBS; the fineness of the GGBS and the temperature during the early phases of the 
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hydration process. In the presence of water only, slag produces a low permeability 
coating low in calcium on the grain surface. The Si-O, Al-0, Ca-0 and Mg-O bonds on 
the surface of slag break under the polarisation effect of OH- ions from water. As the 
Ca-0 and Mg-O bonds are weaker than Si-O and Al-0 bonds, more Ca and Mg enter 
into solution than Si and Al, and a Si-Al rich layer forms quickly on the surface of the 
slag grains. This "pseudomorphic" layer may absorb some H' ions from the water, 
resulting in an increased pH of the solution. However, this increase in alkalinity still 
cannot break enough Si-O and Al-0 bonds for the formation of the C-S-H, C-A-H or C- 
A-S-H cementing phases. Therefore in order to produce cementing products from 
GGBS the pH of the pore solution must increase further in order to penetrate the 
pseudomorphic layer and activate the GGBS. Examples of activators are lime or 
calcium hydroxide (Ca(OH)2), sodium sulphate (Na2SO4), potassium aluminium 
sulphate (KAIS04. H20). gypsum (CaS04.2H20), hemi-hydrate (CaS04.0-5H20), 
anhydrite (CaS04) and phosphogypsum. Many of these activators are used in 
conjunction with lime to bring about increased strength development in blended 
cements (Shi and Day, 1993). The principal GGBS activator in the current work will be 
lime. 
4.6.1 GGBS Activation by Lime 
GGBS has, in the past, been blended with Portland cements to produce a durable, 
sulphate resistant material, termed supersulphated cement (BFSC) (Neville, 1995). In 
these cements the hydration of GGBS is mainly activated by the hydration product 
Ca(OH)2. Thus lime may be added either as an additive or released from PC hydration 
in order to activate GGBS and produce cementing hydration products. According to 
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Wu, et al (1990), Na2SO4, as opposed to lime, shows the best effects at an early stage 
whilst alum is the best at later stages. Daimon (1980) states that calcium sulphate, 
despite being used to accelerate the reaction of slag hydration, is not an activator but 
plays a special role as a powerful reactant. The accelerated hydration of GGBS by 
gypsum is probably because the ettringite formed in its presence provides a sink for the 
Ca2+ and AI(OH)4' ions released from the slag. 
The hydration of slag under the activation of alkali is generally described as a complex 
process of structural disruption of slag and polycondensation of hydrate products. It is 
thought that the chemical activation process of slag can be divided into 5 stages, 
namely: Initial reaction; Induction; Acceleration of reaction; Deceleration of reaction 
and Final (Zhou et al. 1993). As previously mentioned, slag activation is initiated in an 
alkaline environment in which the water-impermeable pseudomorphic layer is broken 
down, attacking the chain structure Of Si04 and A1203 and subsequently leaving behind 
a negative charge. Neutrality is achieved by absorption from Ca2' ions (from the 
solution or from the slag itself) which react with silica and alumina dissolved from the 
slag in the presence of an increased concentration of 011- ions. Up to this point the 
degree of hydration of the slag is only around 2% (Uchikawa, 1986). At the end of the 
dormant period aluminate and silicate groups dissolved from the slag precipitate as low- 
solubility C-S-H, C-A-H and C-A-S-H or other hydrates. The acceleration period is 
characterised by slight exothermic hydration reactions, which are assumed to be most 
effective at a pH of around 12 (Wu et al. 1990). During the deceleration and the final 
hydration phase, the free water in the microstructure is consumed and hydration 
products precipitate in thick layers on the slag grains. 
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4.6.2 Hydration Products of Lime-GGBS Stabilised Soils 
As stated earlier, in supersulphated cement the hydration of slag is activated by 
Ca(OH)2 and minor amounts of alkalis released during the hydration of the cement 
clinker. By adding slag to PC, the formation of Ca(OH)2 is reduced when the slag has a 
low calcium content and a higher proportion of the main insoluble cementitious phase 
C-S-H is formed due to the reaction of slag with the pore solution from the cement paste 
(Smolczyk, 1980). Meanwhile, since the water-cement ratio (W/C) increases as the slag 
content increases, the hydration of the clinker is also accelerated. According to the 
principle of close packing, for very fine slags finer particles of slag may pack within the 
interstices of the larger particles of cement and aggregates. This results in a densified 
microstructure in both the matrix of the cement paste as well as the interfacial zone 
between paste and aggregates (Wu et al. 1990). 
The utilisation of GGBS in soil stabilisation is a relatively new phenomenon in the UK. 
The introduction of GGBS into the clay-lime hydration system modifies the clay lime 
reaction products (Wild et al. 1998) (see Chapter 3). An indication of the manner in 
which the products of clay-lime reactions may be modified by slag are obtained from 
previous findings on activated slag systems as previous work has been carried out in 
clay-lime-GGBS systems. The slag provides additional alumina, calcia, silica and 
magnesia to the system, depending on the type and amount of slag (Smolczyk, 1980). 
Since the principal reactants introduced by slag are also present in the clay-lime system 
as well as in PC-GGBS blends, the strength of hydrated clay-lime GGBS mixtures is 
likely to be governed by the same factors observed in hydrated PC-GGBS blends. These 
factors include the properties of the C-S-H gel, such as its amount, porosity and 
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permeability, the fineness and composition of all reactants involved, the efficiency of 
mixing, the temperature and the curing time. Also as slag introduces extra and more 
freely available alumina and silica compared to the clay-lime system alone (due to its 
high reactivity in the presence of lime), the formation of the strength-contributing 
silicates and aluminates is enhanced. The lime in the clay-lime mix will provide the 
required alkaline environment for slag activation and hydration, whilst also modifying 
the clay (Wild et al. 1998). 
4.7 The Presence of Sulphates 
As mentioned in Chapter 3, expansive reactions can occur in lime-stabilised soil in the 
presence of sulphates. Mehta (1973) observed that the presence of sulphate ions in 
either PC, GGBS or PC-GGBS blends results in the formation of a potentially 
expansive system mainly through the formation and subsequent growth of ettringite. 
Kinuthia et al. (1999) and Wild and Tasong (1999) observed that the addition of GGBS 
to a lime-stabilised kaolinite soil dramatically improved the resistance to sulphate attack 
and swelling. In particular, percentages of replacement of lime with GGBS, with just 
enough lime to activate the slag, were the most effective in preventing sulphate attack 
(i. e. a lime to GGBS ratio of 1: 5). They hypothesised that due to its high alumina and 
silica content, the hydration of GGBS produces C-A-S-H gel and hydrotalcite-type 
phases containing Mg. In contrast to the pozzolanic reaction of lime with clay, which is 
very slow, the lime-activated slag hydration is much more rapid and (depending on slag 
composition) is known to consume lime. Hence there will be competing reactions (i. e. 
slag hydration activated by lime to give C-A-S-H gel and hydrotalcite, and the much 
slower pozzolanic kaolinite- ime aqueous reaction to give a colloidal C-A-S-H product) 
Bari Thomas (2001) 
UniversitE of Glamorg n 
72 
Chapter 4. Other Methods ofSoil Stabilisation. 
and also competing nucleation sites on the kaolinite particle surfaces and on the slag 
particle surfaces. Therefore an explanation of the reduction in expansion of soils in the 
presence of lime, GGBS and sulphates, is that most of the lime is consumed during a 
period of curing (in Wild and Tasong's (1999) work, 28 days). In addition, the slag 
hydration reaction is known to reduce porosity resulting in increased long-tenn 
hardening. The blocking of pores leads to higher strength and lower permeability. Veith 
(2000), when testing a highly kaolinitic clay mixed with 2%Ca(OH)2 and 
6%CaSO42H20 and various additions of GGBS, found similar results. It was found that 
increasing GGBS additions resulted in substantial shear strength increases and a 
reduction in linear expansion on soaking. It was also found that if the addition of 
gypsum was increased, the compressive strength and also indirect tensile strength 
underwent significant improvement with increases in the addition of GGBS, whereas 
specimens to which no gypsum had been added showed an overall inferior strength 
development after curing periods of up to 24 weeks. However after I year's curing at 
high temperatures (30*C) specimens without gypsum exhibited superior strengths. 
4.8 Advantages of Lime-GGBS Soil Stabilisation 
The addition of lime to clay soils raises the pH of the system allowing silica and 
alumina from clay minerals to react with calcium ions forming, over time, C-S-H, C-A- 
H and C-A-S-H phases. However, the abundance of calcium ions coupled with 
sulphates that occur naturally in some soils will lead to ettringite formation, which 
although contributing to strength development, is known to be destructive in the 
presence of excess moisture. The addition of Portland cement (PC) to soil-lime systems 
greatly enhances the strength of the material by forming much the same strength-giving 
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phases as soil and lime alone, but at a much faster rate. Again, sulphate attack (ettringite 
or TSA) is well documented in this system, the sulphates arising as soil minerals or in 
ground water. If GGBS is added to the soil-lime mix in place of PC it will also hydrate 
and give similar cementing phases to the soil-lime or soil-lime-PC mixes. The rate of 
hydration is much faster than the pozzolanic lime-clay mineral reaction, but slower than 
the hydration of PC. Slag is associated with the provision of additional freely available 
alumina and silica to the system in the presence of lime, the latter increasing pH within 
the pore solution of the system and thus the solubility of these components, driving the 
slag hydration reaction forward. The principal difference between the three systems 
discussed (i. e. lime-stabilisation, lime-PC-stabilisation and lime-GGBS-stabilisation) is 
that the presence of sulphates (notably gypsum) actually enhances the intensity of the 
hydration reaction in the lime-activated GGBS system. Veith (2000) has shown that in 
the absence of gypsum, lime-activated GGBS stabilised kaolinite shows markedly 
reduced strengths relative to those achieved in the presence of gypsum (other than at 
very extended curing times in excess of 24 weeks). Also, as GGBS hydration is known, 
in the case of most slags, to consume more lime than it produces, the potential threat of 
sulphate attack from ettringite and TSA is greatly reduced because of the reduced 
availability of calcium. The hydration products of GGBS produce a denser 
microstructure than that of PC, which imparts higher strength. This change in pore 
structure also affects the development of shear strength parameters as pore blocking gels 
affect the cohesion of the material due to a reduction in pore space resulting in an 
increase in the attraction between adjacent particles (Veith, 2000). 
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4.9 Examples of Lime-Activated GGBS Soil Stabilisation 
In South Africa GGBS activated by lime to stabilise soils has a long history, and 
recently (late 1990's) this combination has also become popular in Australia where the 
slower initial set and increased time for finishing compared with using PC is preferred 
by many of the stabilisation contractors Qliggins, 1998). In the UK, work by Kinuthia 
(1997), Wild et al. (1996,1998,1999), Tasong et al. (1999) and Veith et al. (1999, 
2000) has proven through laboratory work that lime-activated GGBS is an effective 
stabiliser of clay soils. A full-scale trial of this method was undertaken by John 
Mowlern and Co. plc on a temporary diversion at the site of the A421 Tingewick 
Bypass, Bucks, UK (Higgins, 1998; Higgins and Kennedy, 1999). Two methods were 
used; lime (quicklime (CaO)) and PC, or quicklime and GGBS in chainages of 50m. 
The stabilised layers (350 mm in depth) comprised both base and sub-base to the road. 
The bitumen wearing-surface (130 mm) was placed directly over the compacted 
stabilised layer. The stabilised material (a boulder-clay) was found to contain around 0.1 
% S03 and sulphides prior to stabilisation. Due to delays with the main contract, the 
diversion carried the full flow of the A421 traffic for just over a year, rather than the 6 
months originally intended, providing an extended perfonnance test. 
After the trial, it was concluded: 
2-shot stabilisation (lime followed by GGBS) of a plastic clay can readily be carried 
out using standard plant and techniques. 
eA 350mm sub-base of boulder clay stabilised with lime and GGBS and overlaid 
with 130mm of bituminous surfacing showed no significant visible evidence of 
distress after carrying A-road traffic for a year. 
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9 Falling weight deflectometer measurements on the stabilised pavement confirmed 
its good condition at the end of this period. 
* Chemical analysis indicated that a large proportion of the sulphide present in the 
clay had oxidised to sulphate after a year. 
o Despite the presence of 1% sulphate in the sub-base at the end of the trial, the lime 
and GGBS sections exhibited no visible evidence of significant heave (Higgins and 
Kennedy, 1999). There were however indications of heave at the end of the lime and 
cement section. 
At chainage 210 there were signs of deformation due to improper mixing between the 
6.5% GGBS and 8.5% GGBS sections where a strip of poorly mixed material appeared 
to be behaving in a plastic fashion and moving under load. Analysis indicated that 
GGBS was lacking in this defonned strip and it appears that in trying to avoid overlap 
of the 6.5% and 8.5%GGBS section, the contractor had left a strip unstabilised with 
GGBS. This omission was a consequence of the unique requirements of the trial and 
should not occur in practice under nonnal conditions (Higgins and Kennedy, 1999). 
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5. Materials 
This chapter describes the materials used in the current work and includes the 
mineralogical and chemical breakdown of the subject material (Lower Oxford Clay), 
and also contains detailed analytical data on allfour added materials (i. e. quicklime, 
hydrated lime, GGBS and PC). 
5.1 Lower Oxford Clay 
The Oxford Clay is a sedimentary lithology of marine origin deposited in Upper 
Jurassic times, the outcrop of which follows a diagonal course stretching from 
Scarborough in Yorkshire to Weymouth in Dorset with an overall dip of a few degrees 
to the South East (Freeman, 1956). The Oxford Clay is not homogenous throughout. 
Freeman (1956) describes Oxford Clay as consisting of a thick sequence of bituminous 
clays, shaley clays and calcareous clay with frequent concretionary limestone doggers 
concentrated in definite bands throughout the succession. The British Geological Survey 
(Chatwin, 1961) describes the formation as clay with periodic "limy" material which 
gives rise to bands of limestone of varying thickness, while some beds include a 
proportion of sand. Concretionary nodules of calcareous stone, pyrites and water-clear 
selenite are also of frequent occurrence. In colour the main mass of the clay is greenish 
or bluish-grey, becoming brown on weathering and in consistency it is tenacious, but 
shaly and laminated in places. The Oxford Clay Formation was traditionally subdivided 
into three parts; the Lower, Middle and Upper divisions, which are now fonnalised as 
the Peterborough, Stewartby and Weymouth Members respectively (Cox et al. 1992). 
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For simplicity the material used in the current work (from the Stewartby area) will be 
referred to only as Lower Oxford Clay (LOC). More recently the LOC has been 
described by Cox et al (1992) as a predominantly brownish-grey, fissile, organic rich 
(bituminous) mudstone; shelly with fauna dominated by crushed aragonitic ammonites 
and bivalves, the latter including Nuculacean and Meleagrinella shell-beds. Cripps et al. 
(1994) constructed a table (Table 5.1) for a wide range of geological deposits showing, 
at various locations, typical concentrations of the mineral pyrites (FeS2). which is 
thought, when oxidised, to contribute to the formation of deleterious minerals, such as 
thaumasite and ettringite (Thomas et al. 198 1; Thaumasite Expert Group, 1999). 
Perrin (1971), using X-ray diffraction (XRD), differential thermal analysis (DTA) and 
exchange capacity measurements (Ex), found Lower Oxford Clay to contain 65% mica 
and 35% kaolinite with traces of chlorite, quartz and venniculite. Later investigations 
established that Lower Oxford Clay consisted predominantly of chlorite, kaolinite, 
mica, feldspar (sanidine and anorthite), quartzite, calcite with minor quantities of 
gibbsite, goethite (a hydrated iron oxide) and anatase (titanium oxide) (Wild et al. 
1996). There was no evidence of gypsum or pyrite in XRD traces probably because the 
quantity present was rather variable or too small to be detected. 
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Table 5.1 Typical concentrations of pyrites at various locations in the U. K. (Cripps, et 
al. 1994). 
Formation Geological Location % Pyrite 
Age 
Bembridge Beds Oligocene Isle of Wight 
Barton Clay Fawley, Hants. ? 
London Clay Palaocene London Basin 3.3 
Herne Bay 0-4 
Gault Clay Cretaceous Bucks. 1.0 
Speeton Clay Yorks. ? 
Fullers Earth Redhill, Surrey 0.5 
Weald Clay Horsham, Sussex ? 
Kimmeridge Clay Jurassic Kimmeridge Bay 4.0 
Oxford Clay Oxfords. 3-5 
Oxford Clay E&S England 5-15 
Lower Oxford Clay E&S England 0-17 
Fullers Earth Somerset 3.0 
Whitby Shale N. Yorks. 3-9 
Upper Lias Clay Northants. 3-5 
Lower & Middle Lias Clay Lincs. & Glos. ? 
Stonesfield Clay Hampden, Glos. ? 
Marl Slate Permian County Durham 0-4 
Coal Measures Shale Carboniferous England 0.7-1.4 
Edale Shale Derbyshire ? 
Calciferous Sandstone Midlowthian 1.1 
Carboniferous Limestone Derbyshire 5-10 
Colliery Spoil (fine) UX 0-12 
Colliery Spoil (coarse) UX 0-1 
Tansley Shale Derbyshire 0.1-4.9 
?= Unknown 
79 
Bari Thomas (2001) 
University of Glamorgan 
Chapter 5. Materials 
Recent mineralogical studies by Hanson Brick Ltd. found the Lower Oxford Clay used 
in their brick-making process to contain illite (23%), kaolinite (10%), chlorite (7%), 
calcite (10%), quartz (29%), gypsum (2%), pyrite (4%), feldspar (8%) and organics 
(7%) (Smith 1999). The clay contains high levels Of Si02 and is rich in CaO, alkalis, 
ferromagnesian and Al minerals as would be expected from a shaly, calcareous soil. The 
high loss on ignition (15.79%) probably reflects the high CaC03 and organic content of 
this soil since most of those compounds will decompose or be lost, as volatile 
hydrocarbons and carbon dioxide (COA 
Table 5.2 compares the oxide content and mineralogy of a typical LOC (Wild et al. 
1996) with the oxide content and mineralogy of LOC from the suppliers of the material 
(Hanson Brick Ltd. ) used in the current work (Smith, 1999). The mineralogy of the 
LOC used in the current work was established at the University of Glamorgan using 
XRD traces. The traces and the mineralogy of the LOC are presented in Chapter 7. 
Certain compounds in the clay have different solubilities at various temperatures. The 
solubilities of calcite and gypsum, in water, are given in Table 5.3. 
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Table 5.2. Chemical and mineral analyses of the Lower Oxford Clay 
Oxide Wild et al. (1996) Hanson Brick Ltd. 
(wt. %) (Smith, 1999) (wt. %) 
Si02 55.42 46.73 
Ti02 0.86 1.13 
A1203 19.88 18.51 
Fe203 6.21 6.21 
FeO 0.68 0.80 
Mn20 0.07 0.07 
CaO 8.56 6.15 
MgO 1.83 1.13 
K20 3.22 4.06 
S03 - - 
P205 - 0.17 
Na203 - 0.52 
LI - 15.79 
Mineral 
Chlorite 6.47 7% 
Illite 22.02 23 
Gypsum 1.3 2 
Kaolinite 7.62 10 
Quartz 28.5 29 
K-feldspar 2.37 8 
Plagioclase 4.15 - 
Calcite 10.44 10 
Siderite 4.14 - 
Anatase 0.82 - 
Pyrite 3.25 4 
Apatite 0.41 - 
Organics - 7 
LI = Loss on ignition at 1000"C 
= Not Determined 
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Table 5.3 Solubility (in grams per 100 cc) of calcite and gypsum in water at various 




Grams Per Compound 













Also, certain compounds present either naturally or as additions in the clay exhibit 
differing pH values in solution. Figure 5.1 shows the pH values of individual solutions 
of lg of calcite, Ig of gypsum and Ig of lime (which will be discussed in Section 5.2) 
with increased water dilution. 
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Figure 5.1 pH values of solutions of Ig of hydrated lime, Ig of calcite and Ig of 
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From the mineralogical and chemical analysis it can be deduced that the Lower Oxford 
Clay has many of the ingredients, such as pyrites and gypsum, which form deleterious 
minerals such as ettringite and thaumasite on stabilisation with lime. It is therefore 
thought to be an excellent choice for investigative work, as the clay should, when 
stabilised with lime or Portland cement and subsequently subjected to oxidation, be 
highly susceptible to expansion and heave. 
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5.2 Lime 
Lime is a generic term, but by strict definition it only embraces manufactured forms of 
lime - quicklime and hydrated lime. It does not include limestone or other carbonates 
which are often erroneously referred to as "lime". 
5.2.1. Quicklime (CaO) 
On the basis of chemical analyses, quicklime may be divided into 3 broad types: 
* High-Calcium quicklime containing principally calcium oxide (CaO) and <5% 
magnesium oxide (MgO). 
CaC03 + Heat -> CaO +'C02 
T (gas) 
Dolomitic quicklime containing 35 to 40% MgO. 
CaC03-MgCO3 + Heat CaO. MgO +2C02T (gas) 
Magnesian quicklime containing 5 to 35% MgO 
As it is high-calcium quicklime that is commonly employed throughout the soil 
stabilisation industry, similar material is used in the current work. Quicklime is 
produced in a number of particle sizes ranging from lumps and pebbles to pellets and 
granular lime. The quicklime used in the current work is a fine powder of cement size 
particles. Quicklime (CaO) in the current work was supplied by Buxton Lime Industries 
Ltd., as white to off-white solid of angular particle shape with a faint "earthy odout". 
The material's chemical data are given in Table 5.4 
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Table 5.4 Chemical Composition of Quicklime (CaO) (Buxton Lime Industries Ltd. ) 
Chemical Composition Weight 
CaO 95.9 












5.2.2 Hydrated Lime (Ca(OH)2) 
The chemical composition of hydrated lime generally reflects the composition of the 
quicklime from which it is derived as well as the method of hydration. There are 3 types 
of hydrated lime: 
e High calcium hydrate. A high calcium quicklime will produce a high calcium 
hydrated lime containing 68% to 74% CaO with 23% to 24% water in chemical 
combination with the CaO, properly called calcium hydroxide. 
CaO +H20 -> Ca(OH)2 + Heat 
Type N dolomitic hydrate. Dolomitic quicklime will produce a dolomitic hydrate ýj 
under normal atmospheric hydrate. Under normal atmospheric hydrating conditions, 
the calcium oxide fraction of the dolomitic quicklime completely hydrates, but 
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generally only a small portion of the MgO hydrates (about 5 to 20%). The 
composition of a normal or type N dolomitic hydrate will be 46 to 48% calcium 
oxide, 33 to 34% MgO and 15 to 17% water in chemical combination with the CaO. 
CaO. MgO + H20 at atmospheric pressure -> Ca(OH)2-MgO + Heat 
Type S dolomitic hydrate. A pressure hydrated dolomitic lime is also available 
called Type S. This lime has almost all (>92%) of the oxides hydrated; hence, its 
water content is higher and its oxide content lower than the Type N dolomitic 
hydrate. 
CaO. MgO + 2H20 -> Ca(OH)2. Mg(OH)2 + Heat 
The hydrated lime (Ca(OH)2) used in the current work was supplied by Buxton Lime 
Industries Ltd., Buxton, Derbyshire, U. K. under the trade name "Limbux". Table 5.5 
shows its physical properties, whilst Table 5.6 shows its chemical composition. 
Table 5.5 Physical Properties of Hydrated Lime (Buxton Lime Industries) 
Properties Description 
Chemical Name Hydrated Lime Calcium Hydroxide 
Physical Form Dry White Powder 
Decomposition Temperature 580*C 
Bulk Density 480 k g/M3 
Specific Gravity 2.3 
Specific Surface 300 -1500 m 
2/kg 
Solubility in Water 1.76 g/l sat. sol at 10*C 
pH Value 12.4 
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Hydrated Lime Ca(OH)2 96.76 
Calcium Carbonate CaC03 1.36 
Calcium Sulphate CaS04 0.06 
Magnesia MgO 0.83 
Ferric Oxide Fe203 0.06 
Alumina A1203 0.10 
Silica Si02 0.46 
Excess Moisture H20 0.34 
The pH value of a saturated calcium hydroxide solution increases with decreasing 
temperature (see Figure 5.2). Also, unlike calcite and gypsum the solubility of calcium 
hydroxide increases with decreasing temperature (see Table 5.7) 
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Figure 5.2 Temperature versus pH of saturated calcium hydroxide solutions (NLA, 
1995). 
5.3 Ground Granulated Blastfurnace Slag (GGBS) 
Civil and Marine Cement Ltd., Llanwern, Newport, UK supplied the GGBS used in this 
work. Its chemical composition and physical properties are shown in Tables 5.8 and 5.9 
respectively. 
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Table 5.9 Physical Properties of GGBS (Civil and Marine Slag Cement Ltd., UK) 
Insoluble Residue 0.3% 
Relative Density 2.9 t/m 3 
Bulk Density 1.2 t/M3 
Colour off-white 
Glass Content --90% 
5.4 Portland Cement (PC) 
The Portland cement used in this investigation was supplied by Rugby Cement, a 
division of Rugby Group Plc., Crown House, UK. The oxide and compound 
composition of the PC can be seen in Table 5.10. 
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Table 5.10 Oxide and Compound Composition of Rugby PC used in this investigation 
(Rugby Group Pic. ). 
Oxide Composition per cent Calculated Compound Composition 
CaO 65.6 C3A 8.20 
Si02 21.00 C3S 64.00 
A1203 4.63 C2S 11.00 





Loss On Ignition 0.99 
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6 Experimental Method 
This chapter outlines the experimental methods and analytical techniques used in the 
current work, namely: 
" Consistency (Atterberg) limits, 
" Proctor Compaction tests, 
" Unconfined Compressive Strength (UCS) tests, 
" Durability Index, 
" Linear Expansion tests, 
" Sulphate (S03) tests, 
" Thermogravimetric analysis (TGA) and 
" X-ray Diffraction (AWD). 
The first six tests were chosen as they represent, or relate to, tests outlined in the 
Design and Construction of Lime Stabilised Capping Specifications (DoT, 1995). The 
analytical techniques (TGA and ARD) were undertaken in order to understand the 
phase and mineralogical changes of the stabilised LOC, especially during mellowing 
and the early stages of curing with lime. 
6.1 Consistency (Atterberg) Limits 
The consistency limit tests were carried out in accordance with BS 1377 (1990) Part 2- 
Classification Tests (British Standard Methods of Test for Soils for Civil Engineering 
Purposes) on Lower Oxford Clay (LOC) that was dried, crushed and sieved passing 425 
jim (in accordance with the standard). Additionally, tests were carried out with various 
additions of lime (i. e. quicklime (CaO) or hydrated lime (Ca(OH)2)) in order to establish 
the effects of increased lime addition to a pyrites-bearing clay soil and to determine the 
differences, if any, between CaO and Ca(OH)2 on Atterberg limits. In order to ascertain 
the effects of mellowing, tests were carried out on material that had been mellowed at or 
20"C for 3 days (Table 6.1). The British standard referring to consistency limit tests 
does not address the issue of mellowing. Therefore an original approach was employed 
where the mixed material was placed in sealed polythene bags after an addition of 40 
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wt. % water prior to mellowing. After the mellowing period, the mixed material was 
tested in a similar way to unmellowed material. 
TabIe 6.1 Samples subjected to consistency (Atterberg) limit tests. 
Modifier Stabiliser Unmellowed Mellowed 
6 hours 3 days 
2% Ca(OH)2 V/ 
4% Ca(OH)2 V V/ 
6% Ca(OH)2 V/ 
8% Ca(OH)2 V 
1.5% CaO V 
3% CaO 
4.5% CaO 
6% CaO V 
6.1.1 Liquid Limit 
The dry material(s) were initially mixed with around 40 wt. % water using palette knives 
until the consistency of the material was considered suitable. In accordance with BS 
1377 (1990), the material was then used to fill a brass cup (56mm in diameter and 
41mm deep) (see Plate 6.1). A metal cone (angle 30±1'C and 35mm in height) was 
allowed to penetrate into the material's surface for 5 seconds (automatically timed by an 
attached electrical timing device). After 5 seconds, the penetration of the cone was 
automatically stopped by a locking mechanism incorporated in the penetration apparatus 
and the penetration of the cone determined by a scale and dial pointer attached to the 
cone. The penetration was recorded and a small amount of material was removed from 
the cup near to the zone of penetration in order to determine the moisture content (again 
in accordance with BS 1377 (1990)). After removal of material for the determination of 
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the moisture content, the residual material in the cup was removed and mixed with the 
remainder of the material in the presence of more water. Further penetration tests, 
together with their corresponding moisture contents were performed so as to obtain a set 
of points in the penetration range 5- 30mm. The LL was taken as the moisture content 
corresponding to a penetration of 20mm, from a graph of penetration (mm) against 
moisture content (%). 
6.1.2 Plastic Limit 
In order to determine the plastic limit (PL), material set aside after initial mixing during 
liquid limit determination was gently rolled on a flat plate into rods and rolling 
continued until the rods crumbled when they were of approximate diameter of 3 mm. 
When the desired crumbling occurred, a few crumbs were taken for moisture content 
determination. This moisture content is defined as the plastic limit of the material. From 
the liquid limit and the plastic limit, the plasticity index (PI) of the material was 
obtained as the difference between the two. The Design and Construction of Lime 
Stabilised Capping Specifications (DoT, 1995) states that clay soil must have a PI of 
10% or more in order to be considered for lime stabilisation. 
6.2 Proctor Compaction Tests 
Compaction tests, in accordance with BS 1377 (1990) - Proctor Compaction Test 
procedure, were used to determine the maximum dry density (MDD) and the optimum 
moisture content (OMC) of LOC with, and without, various additions of both CaO and 
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Ca(OH)2 after three different mellowing periods and two different temperatures (see 
Table 6.2). 
Table 6.2 Samples subjected to Proctor compaction tests. 
Mellowed 
Modifler Stabiliser Unmellowed 6 hours T-3 days 
emperature (*C _ 
10 20 10 20 





3% CaO V 
4.5% CaO 
6% CaO 
Similar to the Atterberg limits, the relevant British standards (BS 1377 and BS 1924) do 
not address the issue of mellowing in Proctor compaction tests. Therefore it was 
necessary to add an original component to the test to deal with the problem of 
mellowing. During mellowing, care was taken not to introduce moisture in excess of 
optimum moisture content. The dry materials (i. e. LOC and lime) were mixed with 20- 
wt. % water and placed in sealed plastic bags for the period of mellowing. After 
mellowing the mixed materials were removed from the bag and treated in a similar way 
to the unmellowed mixes. The MDD and OMC attained as a result of the Proctor tests 
were later used for the preparation of samples for the detennination of unconfined 
compressive strength (UCS), durability and for linear expansion measurements. Mixing 
of the dry materials was achieved using a Model SE-401 Hobart 40 Qt mixer. The 
material was compacted in 3 equal layers in a mould of dimensions 105±0.5 mm. in 
diameter and 11 5±1 mm in height, each layer being subjected to 27 blows using a 2.5kg 
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ram (see Plate 6.2). After weighing the mould together with the compacted material, a 
small amount of material was taken from the interior and used for moisture content 
determination. A dry density / moisture content curve was then used to determine the 
MDD and the OMC. 
Tests on LOC were carried out with and without lime (2%Ca(OH)2 and 1.5% CaO) 
firstly without mellowing, and then after 6-hours or 3-days mellowing at 10"C or 20"C 
(again, it should be noted that 1.5%CaO is equivalent to 2%Ca(OH)2). To further 
examine the role of mellowing and lime type additional Proctor compaction tests were 
carried out on samples containing 3%, 4.5% and 6%CaO and 4%, 6% and 8% Ca(OH)2, 
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Plate 6.1 Falling cone penetrometer used in Atterberg (consistency) limits. 
Plate 6.2 Compaction equipment used in the Proctor compaction tests. 
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6.3 Sample Preparation 
Strength tests (UCS), durability tests and linear expansion tests were carried out using 
compacted cylinders of the LOC with added lime with and without additions of GGBS 
or PC. The material used in the analytical techniques (i. e. S03 determination, 
thermogravimetric analysis (TGA) and X-ray diffraction (XRD)) was obtained from 
compacted cylinders either during, or on completion of, the expansion tests (in the case 
of the S03 tests) and on completion of the UCS tests (in the case of the TGA and XRD 
work). 
6.3.1 Mellowing 
As previously mentioned, the British Standards do not address the issue of mellowing. 
Therefore mixes of clay, lime (both quicklime and hydrated lime) and water, that were 
to undergo mellowing were mixed at a moisture content of optimum (OMC), the value 
for which was attained as a result of the Proctor compaction tests, and stored for 3 days 
at 20'C. On completion of the mellowing period, the material was removed from the 
sealed bags and placed into a mixing bowl whereupon a calculated amount of water was 
added in order that the mix was wet of OMC. (The results established that a uniform 
moisture content of 32% was sufficient to compact all specimens wet of optimum. ) 
Depending on the amount and type of lime, the Proctor compaction characteristics (i. e. 
MDD and OMC) of a given mix will vary. Wild et al (1999) found that a reduction in 
potential expansion can be achieved if samples are mixed and compacted "wet of 
optimum" (i. e. the moisture content added to the material before final compaction is in 
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excess of the optimum moisture content (OMC) established during the Proctor 
compaction tests), as this increases the inter-particle void space allowing the 
accommodation of developing expansive products. For selected samples the appropriate 
amount of GGBS or PC was added at this point along with a calculated amount of water 
(attributed by weight to the amount of GGBS or PC added). From this point, all samples 
(mellowed or unmellowed) were treated in exactly the same manner. 
Enough material to produce one cylindrical sample was mixed in a Kenwood Chef 
Excel mixer for 2 minutes before slowly adding the calculated amount of water. 
Automatic mixing was followed by a manual-mixing phase with palette knives until a 
homogenous mix was achieved. The mixed material was then fed into a cylindrical 
stainless-steel' split mould and compacted using a hydraulic jack. Based on pre- 
calculated material weights, the soil sample was weighed to ensure the anticipated 
calculated weight was achieved. Finally, the cylindrical specimens were cleaned of 
releasing oil, wrapped in cling film to limit moisture loss, labelled and stored in the 
appropriate curing enviroment as described below. 
6.3.2 Curing Conditions 
To allow an assessment of the rate of cementation within the specimens at different 
temperatures, curing temperatures of PC, 10 'C and 200C were chosen as these reflect 
the range of typical annual soil temperatures in the UK (British Earth Sheltering 
Association, 1994). Curing at PC and 10'C was achieved using refrigerators, whilst a 
sealed constant temperature room provided a curing environment of 201C. Regular 
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checks ensured temperatures were kept within a range of ± 2"C. To monitor strength 
characteristics over time, curing periods of 1,4,12,24 and 52 weeks were employed. 
6.4 Unconfined Compressive Strength (UCS) 
It is necessary to precisely define the strength of a material, as the strength obtained is 
influenced by the way in which it is measured and this should where possible rcflcct 
conditions in use. The Design and Construction of Lime Stabilised Capping 
Specifications (DoT, 1995) endorse the California Bearing Ratio (CBR) test as the 
preferred method of determining strength. Although the CBR is practical in the field it 
is impractical in a laboratory-based investigation as firstly, it uses a great deal of the raw 
materials (clay, lime etc. ) and secondly, is very time consuming. Researchers such as 
Kinuthia (1997) and Wild et al. (1998) employed unconfined compressive strength 
(UCS) tests in order to assess the strength of stabilised clay soils under laboratory 
conditions. More recently, Veith (2000) combined this method with undrained, 
unconsolidated shear strength and indirect tensile strength measurements and found that 
strength development exhibited similar trends for all methods of testing. In the current 
work the UCS method is utilised. 
Unconfined Compressive Strength (UCS) of stabilised clay samples was determined 
using a JJ 30 MK compression-testing machine at a loading rate of Imm/min. A self- 
levelling device was placed between the top of the sample and the upper platten in order 
to achieve uniaxial stress. Load was then applied at a rate of lmm/min until failure was 
recorded. Three samples for each mix composition (see Table 6.3) were tested and the 
mean value was taken. Anomalous values (i. e. values that differed from the other two 
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values by 20%) were discarded. UCS tests were carried out on mellowed LOC-lime 
samples that were cured for I and 4 weeks at 50C, 10*C and 20"C. To assess the effects 
of mellowing on strength development of mellowed (3 days at 201C) and unmellowed 
material, unmellowed samples were also produced and cured for I and 4 weeks. 
Similarly UCS tests were carried out on mellowed GGBS or PC stabilised samples that 
had been cured for 1,4,12,24 and 52 weeks at 5"C, 10*C and 201C. Samples cured at 
PC and 10*C were allowed to reach room temperature before testing. 
The Design and Construction of Lime Stabilised Capping Specifications (DoT, 1995) 
states that the initial consumption of lime (ICL) of a clay soil will depend upon the 
mineralogy of the unstabilised material, with typical ICL's ranging from 1.5% to 3.5% 
for Ca(OH)2. The ICL value is given by the amount of lime required to raise the pH of a 
standard clay-lime slurry to 12.4. Veith (2000) found the ICL of LOC to be 2.5%. 
However, Veith commented that lime additions of only 1% or 2% lifted the pH of the 
slurry to almost 12.4. Based on these observations and the fact that Wild et al. (1996) 
had obtained a high degree of GGBS activation with additions of only 1% lime for a 
kaolinitic soil, 2% Ca(OH)2 was chosen as the initial modifier of the clay-lime material, 
and activator for GGBS. Laboratory-based research in the area of lime-stabilised soils 
has concentrated on the addition of hydrated lime (Ca(OH)2), rather than quicklime 
(CaO), to clay soils. However, in practice quicklime is generally used to stabilise clay 
soils as it has a higher available lime content per unit weight and a very fast drying 
action on wet soils, particularly in temperate climates. Therefore both hydrated lime and 
quicklime are used in the current work, with quicklime (1.5% CaO) being employed for 
the bulk of the work (Table 6.3. ). 
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6.5 Durability Tests 
In order to determine the influence of lime and/or GGBS and PC addition on the 
durability of stabilised clay soils a modified durability test (BS 1924, Section 4.3: 
Specification for Highway Works for cement bound materials) was employed. The test 
was first used by the Transport Research Laboratory (TRL) in their report no. 408 where 
durability is determined by a parameter called durability index (DI). As the hardening 
rates are slower in lime stabilised and lime modified GGBS stabilised soils, compared 
to lime/cement stabilised soils, TRL decided to lengthen the test to allow sufficient time 
in order for strength to develop. The test involves curing specimens at 200C for 21 days 
followed by soaking in water at 201C for 7 days and then determining the unconfined 
compressive strength. A control set of specimens is also cured for 28 days at 20"C and 
the compressive strength determined without being subjected to soaking in water. The 
durability index is obtained by detennining the compressive strength of the soaked 
specimens as a percentage of the compressive strength of the control specimen. It is this 
test that is employed in the current work (see Table 6.3) 
Soaking of the specimens was carried out in plastic containers wherein two samples of 
similar consistency were placed in 500 ml of water to minimise cross contamination. 
The samples were unrestrained except for a thin layer of cling film (50mm wide) 
positioned around the middle of the compacted cylinder, thus allowing the free ingress 
of moisture but maintaining some of the cylinders' dimensional stability during soaking. 
Curing took place at 20'C and at PC for both mellowed (3 days at 20T) and 
urunellowed cases. 
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6.6 Linear Expansion 
Expansion and heave in lime stabilised clay soils is common and is discussed in depth 
in Chapter 3. The Design and Construction of Lime Stabilised Capping Specifications 
(DoT, 1995) stipulate that samples of lime-stabilised material (in a standard 127mm 
high CBR mould) should not expand more than 5mm after 28 days with no sample 
swelling more than l0mm. As mentioned in section 6.4, CBR tests require a great deal 
of material and are unsuitable for a large number of expansion tests in laboratory 
investigations. 
Therefore, in order to assess the linear expansion of mellowed and unrnellowed 
cylindrical clay soil samples (100mmX50mmý) due to chemical reactions and water 
absorption, an experimental method developed at the University of Glamorgan was 
employed. The original method involved a water-tight tank in which a complete series 
of samples was accommodated and their expansions monitored. Wild and Tasong 
(1999) and Veith (2000) improved this experimental set-up utilising individual sealed 
plastic cells to avoid cross-contamination between samples with differing constituents. 
The method determines the linear expansion of the compacted cylinder from readings 
taken from a sensitive dial gauge in contact with a Perspex disc resting on top of the 
specimen. Samples were placed on a stage in the watertight Perspex cell in such a way 
that expansion could be continually monitored. After 7 days of moist curing, 500ml of 
water was added. The experimental set up is illustrated in Plate 6.3. The linear 
expansions of the samples were continually monitored on a daily basis, both during 
curing and after soaking. 
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As mentioned in Chapter 3, pyrites is thought to oxidise under particluar conditions to 
produce sulphates, which in turn are known to increase the potential for expansion in 
stabilised clay soils (Hawkins, 1992; Cassanova et al. (1997); Snedker and Temporal 
(1990); Wild and Tasong (1999)). The Lower Oxford Clay (LOC) is known to contain a 
significant amount of pyrites and when stabilised is thought to be susceptible to sulphate 
attack particularly in oxidising conditions. To monitor the effects of pyrites oxidation 
the soaking water in which selected samples were placed was intentionally and 
continuously aerated in order to accelerate pyrites oxidation. The laboratory system is a 
static enclosed system, thus after the initial and possibly quite rapid removal of oxygen 
from the soaking water repletion of oxygen may be limited. Therefore oxidation in such 
a closed system might be expected to be severely retarded or terminated. The water was 
constantly aerated by means of a tube that was connected to a fish tank aspirator. The 
test was carried out in order to assess the influence of mellowing, temperature, stabiliser 
content and the intentional aeration of the soaking water on the linear expansion 
characteristics of stabilised LOC. 
pH values of soaking waters play an important. role with regards to the type of reaction 
product formed. As previously stated, Gaze and Crammond (2000) reported that the 
reaction product ettringite was abundant in crushed mortar tablets that were soaked in a 
solution of high pH. However, the pH value dropped when the mortar was exposed to 
the air and subsequently the dominant reaction product became gypsum. Also, pyrites 
oxidation produces an acidic environment. Thus as the pH of the soaking water is so 
important, the soaking waters containing the clay-lime samples were monitored at 7 day 
intervals using pH sensitive strips (Whatman CF, range 0-14). A list of the compositions 
subjected to this process can be seen in Table 6.4: 
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Table 6.4 Samples subjected to linear expansion tests. 
Modifier Stabiliser Unmellowed Mellowed 
Aerated Non- aerated Aerated 
Temp. (*C) Temp. (*C) Temp. (T) 
20 5 20 5 20 5 
1.5% CaO 
4 and 8%PC 
4 and 8*%GGBS 




*only 8%GGBS tested 
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Plate 6.3 Linear Expansion Apparatus 
HE 
Plate 6.4 Diagram of a thermogravimetric analyser TGA 2950. 
Ba? l Thomas (2001) 
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6.7 Sulphate (SOD Analysis 
In order to determine the amount of sulphate potentially available in Lower Oxford 
Clay, and also to monitor the change in sulphate level with time in the stabilised LOC it 
is necessary to test for both sulphate and total sulphur. In their natural state sulphates 
occur asS04. The Building Research Establishment has revised its Digest on the effects 
of sulphates on concrete from expressing sulphates as S03 in BRE Digest 25 (BRE, 
1981) to sulphates as S04 in BRE Digest 363 (BRE, 1991). However in soil testing, 
sulphates are still expressed as S03- 
Tests were carried out on LOC to establish the total sulphur content using a modified 
version of BS 1047 (Air cooled blastfurnace slag aggregate for use in construction) - 
Appendix B. (Methods for the chemical analysis of blastfurnace slag) - B2. (Method for 
detennination of sulphur) : 1983. Tests were also carried out to find the S03 content of 
Lower Oxford Clay using method B3 (Method for the determination of acid soluble 
sulphate expressed as S03). Subsequently sulphate tests were also carried out on 
samples with additions of lime (both CaO and Ca(OH)2) which had been unmellowed or 
mellowed for 3 days, moist cured for 7 days and soaked in a range of environments and 
temperatures (see Table 6.6). The material used in sulphate tests was soaked in the same 
way as samples in the linear expansion work. To further investigate the changes in S03 
content, increasing additions of lime were also added to the LOC and subsequently 
tested (4%, 6% and 8%Ca(OH)2)- 
Pyrites oxidation ceases with the absence of air and/or water. In order to halt the 
oxidation process at the desired times it was necessary to modify the test outlined in BS 
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1047. Both the original and modified tests are illustrated in Table 6.6. To stop further 
oxidation after sampling at a particular stage, the samples were weighed, their moisture 
contents determined and they were immediately transferred to 20ml of 2Molar 
hydrochloric acid (HCI). 
Tests were carried out on mellowed (3 days at 20"C) or unmellowed stabilised material 
that had undergone 7 days of curing, 14 days soaking in the appropriate envirorunent 
and at the end of the soaking test (105 days) at either 20 or 5"C. The samples used in 
this test are listed in Table 6.5. 
Table 6.5 Samples subjected to sulphate analysis. 




Temp. ('C) Temp. (*C) Temp. ("C) 
20 5 20 5 20 5 
1.5% CaO 1( V V 
2%-Ca(OH)2 V 
4% Ca(OH)2 V V 
6% Ca(OH)2 V V 
8% Ca(OH)2 v 
7 
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Table 6.6 Comparison of BS 1047: 1983 and the modified test used in this work. 
BS 1047: 1983 
Bring to the boil 20 ml of 2 molar 
HCL. 
Brush in Ig of dry, crushed 
material and continue to heat for 
5-6 minutes. 
Add 100 ml of boiling water, 
filter paper pulp and make 
alkaline to methyl red by means 
of ammonia. 
Filter under gentle suction 
reserving the filtrates. Transfer 
the filter paper to a beaker and re- 
dissolve in 5 ml HCL and 70 ml 
hot water 
Boil, precipitate, filter and wash, 
rejecting the precipitate. Make the 
combined filtrates acid using 
HCL and add, in drops, 10ml of 
10% barium chloride. Stand in a 
warin place over night and filter 
by means of a weighed sintered 
silica filter. Ignite slowly to 
800*C, weigh and calculate the 
total percentage Of S03 from the 
mass of BaS04 precipitate. 
%S03 = Mass of precipitate x 
13.74 / Mass of sample 
Modified Version of BS: 1047 
Remove soil cylinder from 
expansion cell and independently 
determine the average moisture 
content of the sample (using the 
oven dry method). Immediately 
extract four samples of between I 
and 5g from the cylinder for 
testing (recording the weights) 
and transfer to sealable plastic 
bottles containing 20 ml molar 
HCL. 
Carefully transfer the material 
and washings from the bottle into 
a suitable beaker and bring to 
boiling point for 5-6 minutes. 
Add 100 ml of boiling water, 
filter paper pulp and make 
alkaline to methyl red by means 
of ammonia 
Filter under gentle suction 
reserving the filtrates. Transfer 
the filter paper to a beaker and re- 
dissolve in 5 ml HCL and 70 ml 
hot water 
Boil, precipitate, filter and wash, 
rejecting the precipitate. Make the 
combined filtrates acid using 
HCL and add, in drops, 10ml of 
10% barium chloride. Stand in a 
warm place over night and filter 
by means of a weighed porcelain 
crucible. Ignite slowly to 800"C, 
weigh and calculate the total 
percentage Of S03 from the mass 
of BaS04 precipitate. 
%SO3 = Mass of precipitate x 
13.74 / Mass of sample. 
Before calculating S03, one must 
take into account the amount of 
modifier and/or stabiliser in the 
material and the moisture content. 
This will markedly reduce the 
mass of the sample. 
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6.8 Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis (TGA) is a thermal analysis technique used for measuring 
the amount and rate of change in sample mass as a function of temperature and time. 
TGA can be used to characterise any material that exhibits weight change as a result of, 
for example, dehydration (loss Of water of crystallisation) dehydroxylation (loss of OH 
ions), oxidation (e. g. combustion of organic matter), or decarbonation (loss Of C02)- 
Heating of clays results in a pattern of weight loss that is characterised by the attractive 
force with which water is retained within or on the clay structure at different 
temperatures. Similar weight losses occur on heating hydrated cement. During the 
hydration of cement a number of chemical changes occur resulting in the formation of 
various phases. These include: 
* Formation of ettringite, 
* Fonnation of C-S-H gel, 
9 Fomiation of Ca(OH)2, 
9 Carbonation of Ca(OH)2 to give CaC03- 
On heating, each of the above phases shows a weight loss over a specific temperature 
region due either to partial or total decomposition. The weight loss results from the loss 
of water (dehydration or dehydroxylation) or carbon dioxide (from decarbonation). 
From the thermogravimetric measurements it is therefore possible to estimate, and in 
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some cases accurately determine, the amount of each phase which is present at different 
stages of the hydration process. 
In thermal analysis tests the specimens are heated at a constant rate and the weight 
changes can be recorded in two ways - (i) percentage weight loss against temperature 
(TG), and/or (ii) rate of loss in weight against temperature (DTG), this being the 
derivative of the above curve in (i). 
A weight change at a specific temperature produces a step in (i) and a peak (maximum) 
in (ii). The curves are useful in illustrating the manner in which the amount of any 
particular phase present changes with curing time, and also in providing reliable 
quantitative data giving the actual amounts of particular phases present. However, this 
technique requires a previous knowledge of the chemical compositions of the individual 
phases and their characteristic TG and DTG curves or decomposition temperature 
The major thermogravimetric effects that characterise clay soils can be observed at 
temperatures ranging between 50"C and 300'C (loss of absorbed water and water of 
hydration) and between 450"C and IOOOOC (dehydroxylation). At temperatures beyond 
900'C most clay minerals undergo an exothermic recrystallisation phase and new 
crystals form from amorphous materials or from old crystals destroyed at lower 
temperatures (Mitchell, 1993). However, it should be noted that the thermal behaviour 
of clay soils can differ considerably from that of pure clay minerals due to the presence 
of various elements such as organic material or carbonates which decompose on 
heating. 
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There are a number of factors that influence the values of the peak temperatures 
observed on DTG plots. 
* The amount of the sample being tested, 
o The heating rate, 
a The fumace atmosphere, 
* The particle size of the sample, 
9 The degree of crystallinity of the compound being tested. 
In order to ensure consistency the first three of the above factors were standardised 
throughout the testing period. The last two factors depend on the nature of the starting 
material and the physical and chemical changes that occur with time and cannot 
therefore be standardised. The current TGA work was carried out using a 
thermogravimetric analyser Hi-Res Tm TGA 2950 with a TA5000 Thennal Analyst 
Controller and appropriate software (Plate 6.4). The heating rate was chosen as IOT 
per minute within a temperature range of 25 to 1000'C. The sample was taken from the 
interior of a compacted cylinder (used in the UCS tests) and was dried at SOT (±2"C) 
in an oven for at least 48 hours. After drying the sample was crushed to a powder in a 
pestle and mortar, and between 8 to 20mg of the crushed sample was transferred to an 
open alumina pan, which was then heated in a nitrogen atmosphere. Weight loss and 
temperature increase is logged during the test and the resulting graph supplies the TGA 
weight loss curve (%) and the derivative weight loss curve (DTG) (dw%/dt"C). The 
former plots the total weight loss in percent over the temperature range to which the 
sample was subjected, whereas the latter shows the derivative of the weight loss with 
increase in temperature, resulting in a graph with pronounced peaks, allowing 
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conclusions and calculations to be made as to the identity and quality of particular 
compounds or phases present. 
An example of this can be seen in Figure 6.1. Gypsum, which is commonly found in 
clay soils, has the chemical formula CaS04.2H20. Therefore, at a given temperature 
gypsum loses 2 water molecules. The theoretical weight loss of the bound water is 
based on a molecular weight for gypsum of 172 atomic mass units (amu). 
CaS04 + 2H20 
(40 + 32 + (16x4) + (2x [2xl + 16]) 
136 + 36 
= 172 amu. 
The loss of water (36 amu) is therefore 20.9% relative to the gypsum molecule. The 
observed weight loss of gypsum during a TGA run in a sealed aluminium pan with a 
pin-hole lid was found to be 19.92%, which shows satisfactory agreement with the 
calculated result (Figure 6.1). Interestingly it can be seen that gypsum typically has two 
weight loss peaks (represented by peaks I and 2 on Figure 6.1). 
Peak I represents the transformation of gypsum to hemi-hydrate: 
CaS04.2H20 -> CaS04.0.5H20 
Whereas Peak 2 shows the complete loss of water to form anhydrite: 
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CaS04-0.5H20 -> CaS04. 
However these two decompositions occur over a relatively narrow temperature range 
and the temperature at which each decomposition occurs is sensitive to the level of 
water vapour in the atmosphere in the immediate environment of the specimen. For 
specimens in an open crucible in a dry nitrogen atmosphere the typical heating rates 
employed for TG work are sufficiently rapid for the two decompositions to occur 
simultaneously and only one peak is observed (Total weight loss = 20.20%, Figure 6.2). 
If however the atmosphere above the specimen is partially enclosed (by covering the 
aluminium crucible containing the swnple with an aluminium lid with a pinhole in it) 
then water vapour will build up in the atmosphere above the sample. Hence the two 
decomposition temperatures will separate and a double weight loss peak will be 
observed as shown in Figure 6.1. In the current work on LOC, aluminium crucibles 
were unsuitable because of the their upper temperature limit (around 6001Q. Therefore 
open alumina crucibles were employed, for which the gypsum decomposition produces 
a single weight loss peak. This is in fact preferable in that a double peak occupies a 
wider temperature range and is more likely to interfere with decomposition from other 
phases present. 
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A second example of dehydration is that of hydrated lime (Ca(OH)2) which is used to 
modify and stabilise the LOC. 
Ca(OH)2 CaO + H20 
(40 + (18x2) ) (56) + (18) 
(74)amu (18)amu 
In this case total moisture loss =18 amu/74 (total) amu = 24.32% relative to the 
hydrated lime molecule. Figure 8.3 shows total weight loss to be 24.49%, which appears 
to be in satisfactory agreement to the calculated result. However, it is only Peak I on 
Figure 6.3 that represents weight loss due to loss of water (weight loss = 20.5 1 %). The 
other 3.98% weight loss (Peak 2) has occurred due to C02 loss, implying that the 
Ca(OH)2 had undergone a degree of carbonation before testing. ' Using simple 
calculations, one can determine how much of the hydrated lime has carbonated. 
CaC03 -> CaO + 
40+12+48 56 44 
100 56 44 
C02 
Therefore, 44 (amu)/100 (amu) = the loss of weight due to C02 loss is 44%. If Peak 2 
shows a weight loss of 3.98%, then 3.98/44 x 100 = 9.05% CaC03. Hence, there is 
90.95% Ca(OH)2 in the sample tested. 
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Figure 6.3 TG Curve of Ca(OH)2 in open alumina crucible. 
Finally an example of weight loss due to dehydroxylation of clay minerals can be seen 
in Figure 6.4 where standard porcelain "kaolinite" was subjected to TG analysis in an 
open pan crucible. 
A12032SiO22H20 
A1203 2SiO22H20 2(H20) 
100+120+36 -> 36 
256 (amu) -> 36 (amu) 
Therefore total weight loss of kaolinite clay minerals due to dehydroxylation is 36 
(amu) / 256 (amu) = 13.51%. However Figure 6.4 shows a weight loss of kaolinite (i. e. 
standard porcelain) of only 10.95%. This is because the standard porcelain "kaolinite" 
clay used in the current work is not 100% pure and contains mica and other compounds 
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that may lose water after heating and therefore affect the weight loss of the sample. If 
there is 84% kaolinite clay minerals in standard porcelain, then 84% of 13.53% 
(calculated total weight loss) = 11.36% (corrected calculated total weight loss), 
compared to a 10.95% weight loss using TG techniques. This suggests that there is in 
fact only 81% kaolinite clay minerals in the standard porcelain "kaolinite" clay and not 
84% as given in the data provided by Imerys Group Ltd. (1987). 
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Figure 6.4 TG curves of kaolinite (standard porcelain) in an open alumina crucible 
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Figure 6.5 illustrates the TG trace of coarse kaolin crystals from Australia (supplied by 
Imerys Group Ltd. ). Unlike the standard porcelain "kaolinite" (Figure 6.4), the 
calculated weight loss of the kaolinite clay mineral (13.51% weight loss) is almost 
identical to the weight loss observed in the "pure" kaolin sample (13.45% weight loss) 
due to dehydroxylation. This not only establishes that the standard porcelain "kaolinite" 
used in the current work contains less than 84% kaolinite clay minerals, but also that the 
TG analysis is an accurate tool in the identification of hydrous compounds such as 
kaolin. 
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alumina crucible. 
Detailed thermogravimetric analysis of the LOC with varying amounts of added lime 
(Ca(OH)2or CaO) will allow a better understanding of the processes of mellowing and 
of the reactions occurring during the early curing periods. It will also enable the effect 
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of lime addition, on the oxidation of pyrites and the subsequent formation of gypsum 
and ettringite during the initial period of modification, to be established. 
6.9 X-ray Diffraction (XRD) 
In the current work X-ray diffraction (XRD) methods were used for the observation and 
characterisation. of crystalline clay and non-clay minerals in the LOC as well as for 
identification of the crystalline reaction products. XRD analysis was employed in the 
LOC-CaO and LOC-Ca(OH)2 systems. 
Each crystalline substance has its own atomic structure, which diffracts X-rays in a 
characteristic. pattern (Barr et al, 1995). Recognition of this unique pattern establishes 
the diffracting substance and therefore this method is useful for the confirmation and/or 
identification of crystalline products. The method may be used to give a quantitative 
indication of phase content from the relative intensities of the adjacent diffraction lines 
from different crystalline components. However accurate quantitative analysis requires 
the use of internal standards and is made difficult by factors such as preferred 
orientation and line broadening which are a function of crystallite shape and size. The 
complete absence of diffraction lines indicates amorphous substances, which cannot 
therefore be quantified by this technique. In the current work XRD was used principally 
for phase identification, to underpin the TGA observations. 
XRD may be represented by Bragg's law (Eq. 6.1). From Figure 6.6, a beam of X-rays 
is assumed to be reflected from parallel crystal planes, spaced "d" units apart. 
Considering rays 1 and 2, ray 2 will travel an additional path of length ABC. 
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From Figure 6.5 it is apparent that AB=BC=dsinO. Consequently, length ABC = 2dsinO. 
Constructive interference occurs when the X-rays scattered from the two planes are in 
phase. This occurs when their path difference is an integral number of wavelengths 
(n%). That is when: 
nk = 2dsinO (Braggs Law) 
where: X= X-ray wavelength 
n= integer. 
Eq. 6.1 
Crystalline phases are identified by matching the d-spacing calculated from the above 
equation with those from known crystalline compounds. There are certain advantages in 
using X-ray analysis over many procedures. Firstly only small amounts of the substance 
are required. Secondly the test is non-destructive. The X-ray method is however limited 
in application because it is inapplicable to amorphous and glassy substances. Also, 
structural similarities between clay minerals, such as cases where the aluminium in the 
clays is replaced by magnesium and/or iron or where the silicon in the tetrahedral layers 
is replaced by aluminium, are difficult to distinguish by this method. 
In the current work, XRD analysis was conducted, on LOC modified/stabilised with 
additions of 8%Ca(OH)2 or 6%CaO for a variety of curing times and environments; that 
is: 
9a dry mix, 
9 an unmellowed mix, 
*a mellowed mix (3 days at 20'Q, 
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9 unmellowed, compacted specimens cured for 1 week and 4 weeks at 200C, 
9 mellowed, compacted specimens cured for I week and 4 weeks at 20'C. 
Specimens with the highest lime contents used were selected in order to detect any 
changes in the crystalline phases present, as the technique is not sufficiently sensitive to 
detect very small changes. The specimens themselves were taken from the interior of 
compacted soil samples and dried in an oven at 50"C (±2"C) for at least 48 hours. 
Powdered, dried specimens used for X-ray analysis were a few grams in weight. 
The work was carried out at the Department of Mechanical, Materials and 
Manufacturing Engineering, University of Newcastle, Newcastle upon Tyne, UK using 
a Phillips diffractometer PW1965 and generator PW1730, a graphite monochromator 
and CuKcc radiation of wavelength (%) of 1.54179 A. The specimens used for XRD 
work were selected to coincide with some of those used for the TGA work. The work 
was aimed at establishing (together with the TGA work), the influence of mellowing, 
curing time and lime type on the phase composition of the LOC, specifically in relation 
to calcium hydroxide, sulphates and ettringite. 
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Sin 0= AB/d 
. *. AB =d sin 0 
Figure 6.6 X-ray diffraction according to Bragg's Law (from Whiston, 1987). 
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7. Experimental Results: Lower Oxford Clay - 
Lime System 
The experimental results of the current work are separated into two chapters. Chapter 7 
deals with the interaction of Lower Oxford Clay with lime. It involves the effects of 
mellowing, temperature, lime content and lime type (Ca(OH)2 or CaQ) on thefabric 
and properties of Lower Oxford Clay (LOC)-lime combinations. Yhe results are 
presented in Sections 7.1 to 7.7. The experimental test results include consistency 
(Atterberg) limits test, Proctor compaction tests, unconfined compressive strength 
(UCS) tests, durability tests, linear expansion tests, pH measurements and sulphate 
(SO3) analysis. Also the results of the analytical tests employed (thermogravimetric 
analysis (TGA) and X-ray diffraction (ARD)) are presented in this chapter. 
Chapter 8 deals with the stabilisation of lime-modified LOC stabilised with either 
GGBS or PC. It includes the results of long-term (up to 52 weeks) strength, linear 
expansion and durability measurements of stabilised LOC cured at various 
temperatures and in different environments. 
7.1 Consistency (Atterberg) Limits 
7.1.1 LOC-Ca(OH)2 System 
Figure 7.1.1 illustrates the changes in liquid limit, plastic limit and plasticity index of 
mellowed and unmellowed LOC with increasing additions of Ca(OH)2 (2%, 4%, 6% 
and 8%). Mellowing was carried out for 3 days at 201C. 
The liquid limit (LL) of the LOC increased rapidly from 59% to 69% with the addition 
of 2%Ca(OH)2 (Figure 7.1.1). Further additions of Ca(OH)2 resulted in a slight overall 
increase in LL with the highest LL occurring after an addition of 6%Ca(OH)2- 
Similarly, the plastic limit (PL) increased when LOC was mixed with 2%Ca(OH)2 frOM 
32% to 38% and continued to increase with increasing lime content up to 6%Ca(OH)2 
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addition, and then a decline occurred. The LL and PL results showed an increase in 
plasticity index (PI) from 27% for untreated LOC to 31% when 2%Ca(OH)2 was added. 
Further additions of Ca(OH)2 resulted in reduced PI with an 8%Ca(OH)2 addition 
producing a PI of 20%. As mentioned in chapter 3, additions of Ca(OH)2 modify the 
consistency limits of a clay soil as the calcium from the lime causes flocculation, which 
enables the mixed material to incorporate a greater volume of water. Further additions 
of lime generally increase flocculation (and hence increase the capacity to hold water) 
up to a certain point. Beyond a certain lime addition it is known that lime will not 
continue to participate in flocculation due to calcium saturation of the clay particles. 
This point, when the soil has satisfied the affinity for lime is termed the lime fixation 
point (Hilt and Davidson, 1960). It is clear that after an addition of 6%Ca(OH)2 to the 
LOC, the PL and LL values are reduced suggesting that the lime fixation point of the 
LOC is around 6%Ca(OH)2, 
Mellowing (3 days at 20*C) of the LOC-2%Ca(OH)2 mix had little effect on the 
consistency limits. However, further increases of Ca(OH)2 resulted in increased PL and 
LL up to an addition of 6%Ca(OH)2, thereafter a reduction occurred. The plasticity 
index of mellowed LOC-4%Ca(OH)2 mixes showed the highest PI (38%) primarily due 
to the significant increases in LL without similar increases in PL. Further additions of 
Ca(OH)2 resulted in a reduction of PI. The PI of mellowed mixes of LOC and Ca(OH)2 
are generally higher than similar unmellowed mixes. 
It is suggested that mellowing of clay-lime mixtures allows extra time for the clay-lime 
reactions (such as flocculation and the formation of various phases containing alumina, 
silica, calcium and if present sulphate). Therefore it is thought that mellowing would 
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further increase the consistency limits of LOC-lime mixes due to increased flocculation 
and thus a greater ability to contain water. Mellowing of LOC with a small addition of 
Ca(OH)2 has little effect on consistency limits, indicating that the added lime is 
consumed in reactions immediately on mixing. However, with increasing lime additions 
the consistency limit values (especially LL) increase as flocculation continues 
unhindered for 3 days. Again the addition of >6%Ca(OH)2 resulted in slightly reduced 
consistency limits indicating that additions of Ca(OH)2 in excess of 6% only result in 
supplying an excess of calcium to the mix. 
7.1.2 LOC-CaO System 
Figure 7.1.2 illustrates the changes in liquid limit, plastic limit and plasticity index of 
mellowed and unmellowed LOC with increasing additions of CaO (1.5%, 3%, 4.5% and 
6%). For ease of comparison between Figures 7.1.1 and 7.1.2 the lime content in the 
latter is also presented in terms of equivalent Ca(OH)2 additions. Again, mellowing was 
carried out for 3 days at 20'C. 
The liquid limit (LL) increased from 59% to 72% when 1.5%CaO (equivalent to 
2%Ca(OH)2) was added to the LOC. However further additions of CaO only showed a 
small increase up to an addition of 4.5% (6%Ca(OH)2), then a decrease was apparent. 
The plastic limit (PL) steadily increased when CaO was added to the LOC, with the 
highest PL exhibited by the LOC-4.5%CaO mix (equivalent to 6%Ca(OH)2) specimen 
at 51%. The plasticity index (PI) of the LOC is initially increased with 1.5%CaO 
addition though generally a decrease was apparent with further increases in CaO 
content. In a similar way to the LOC-Ca(OH)2 systems, a small addition of CaO to the 
IM 
Bari Thomas (2001) 
UniversiV of Glamorgan. 
Chapter 7. Lower Oxford Clay - Lime System 
LOC resulted in increased consistency limits due to flocculation. However, it is 
apparent that values obtained using 1.5%CaO are slightly higher than those obtained 
when 2%Ca(OH)2 is used. One fundamental difference between CaO and Ca(OH)2 is 
the hydration of the oxide, which is a strong exothermic reaction, producing 0.882kJ/g 
of heat. It is suggested that as increased heat results in elevated chemical reactivity, this 
feature may accelerate the flocculation of the material and therefore results in increased 
PL and LL values. Increasing additions of CaO generally increase the LL and Pl, of the 
LOC up to an addition of 4.5%CaO (equivalent to 6%Ca(OH)2). However although the 
increase in PL and LL is higher in LOC-1.5%CaO mixes (compared to LOC- 
2%Ca(OH)2 mixes), further increases with increasing additions of CaO are much 
smaller and less pronounced (especially after mellowing), clearly indicating the 
flocculation is influenced by the exothermic reaction that accompanies CaO hydration. 
The introduction of a mellowing period modifies the consistency limits of LOC-CaO 
mixes. A period of mellowing slightly increases the LL of LOC-1.5%CaO and LOC- 
6%CaO mixes (equivalent to 2% and 8%Ca(OH)2 respectively). However additions of 
3% and 4.5%CaO (equivalent to 4% and 6%Ca(OH)2 respectively) showed significantly 
raised LL compared to unmellowed mixes. Similarly the PL of all LOC-CaO mixes is 
increased after mellowing, especially at lower CaO additions. The PI of LOC-CaO is 
generally reduced with increasing CaO contents with or without mellowing, except for 
the LOC-1.5%CaO in the unmellowed system. Mellowing of the LOC-CaO mixes had a 
similar effect on PL and LL to mellowing of the LOC-Ca(OH)2 MiX producing an 
overall increase in these parameters. 
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Summary 
* The addition of a small amount of lime (2%Ca(OH)2 or 1.5%CaO) as a soil modifier 
to the LOC increases LL, PL and PI of the material due to flocculation as a result of 
cation exchange between the lime and the clay particles present in the soil. 
Consistency limit values are slightly higher when CaO is used as it is thought the 
strong exothermic reaction that accompanies CaO hydration encourages greater 
flocculation [values can be found in Appendix B]. 
* Increasing additions of lime up to 6%Ca(OH)2 or 4.5%CaO further increase the PL 
and LL of the LOC, but even higher additions only result in supplying an excess of 
calcium to the mix resulting in a slight decline in these parameters. Therefore, it is 
suggested that this point is the lime fixation point of the LOC. 
* Mellowing (3 days at 20*C) of the LOC-2%Ca(OH)2 mix has little effect on the 
consistency limits because the small additions of added lime react immediately with 
the LOC upon mixing. However, the LOC-1.5%CaO mix showed increases in both 
PL and LL after mellowing. 
* Mellowing of the LOC with increasing additions of Ca(OH)2 or CaO results in 
increased LL and PL values as it is thought mellowing allows extra time for 
increased flocculation and therefore allows the mixed material to incorporate more 
moisture. 
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7.2 Proctor Compaction Tests 
7.2.1 Proctor Compaction of Lime-Modified LOC 
Figures 7.2.1 and 7.2.2 illustrate the compaction characteristics (that is: the optimum 
moisture content (OMC) and maximum dry density (MDD)) of the LOC with and 
without additions of 2%Ca(OH)2 or 1.5%CaO, which had been mellowed at lO'C or 
20"C for either 6 hours or 3 days. Mellowing was achieved with an addition of 20wt. % 
water. 
Increasing the mellowing time (i. e. from 6 hours to 3 days) had little effect on the 
optimum moisture content (OMC) of LOC-2%Ca(OH)2 mixes, although OMC values 
were slightly greater after mellowing at I O'C than at 20"C (Figure 7.2.1 (A)). Similarly, 
increasing the mellowing time did not appreciably affect the maximum dry density 
(MDD) of the mellowed LOC-2%Ca(OH)2 mixes, although MDD values were less 
when mellowing took place at IOT compared to 20"C (Figure 7.2.1(B)). The 
differences in compaction data (especially with regard to MDD) after mellowing at 
different temperatures suggest that higher mellowing temperatures slightly increase 
density. A possible explanation of this phenomenon could be that as higher 
temperatures encourage chemical reactivity, the formation of reaction products such as 
ettringite and gypsum due to pyrites oxidation may be enhanced resulting in higher 
MDD values. However, regardless of mellowing temperature or time, the OMC and 
MDD of the LOC are increased and reduced respectively when Ca(OH)2 is added. 
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A similar pattern was observed when LOC-1.5%CaO mixes were mellowed as 
mellowing time had little significant effect on OMC values (Figure 7.2.2(A)). However, 
mellowing at lO'C resulted in slightly higher ONIC values than mellowing at 200C. 
MDD values of the same mixes were slightly lower when the mixes were mellowed at 
IO'C compared to values for mixes mellowed at 20'C (Figure 7.2.2 (B)). Again this 
suggests that the products of the clay-lime reaction may have slightly increased the 
density of LOC-lime mixes at higher temperatures. Regardless of mellowing time or 
temperature, the OMC and MDD values of the LOC were respectively increased and 
reduced with a small addition of CaO. 
As stated in Section 7.1, the addition of lime to a clay soil results in the immediate 
structural disruption of the material due to flocculation. As the flocculated material is 
more friable than untreated clay then the ability to contain moisture (and therefore to 
reduce density) is increased when lime is added. It is thought that the slightly higher 
MDD values experienced at 201C (compared to those at IOT) may be a result of 
accelerated clay-lime reaction that are, over time, known to produce particular reaction 
products. In the LOC, pyrites (FeS2) may affect the reaction products, as it is known 
that in the presence of lime, pyrite oxidation (which is accelerated in an alkaline 
environment) leads to gypsum formation. It is probable that the differences in density 
after mellowing at different temperatures are due to the formation of reaction products, 
which will be more crystalline and better formed at higher temperatures. The 
unexpected similarity in compaction data after mellowing for 6 hours and 3 days is 
probably a result of the small amount of lime added to the LOC. That is, after 6 hours 
the lime would have been consumed during the clay-lime reactions and therefore little 
further change in compaction values would be expected with further mellowing time. 
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In order to better understand the LOC-lime reaction during mellowing at 200C, the 
following sections present Proctor compaction data, giving the OMC and MDD values 
of mellowed and unmellowed LOC mixes with increasing additions of Ca(OH)2 and 
CaO. 
7.2.2 Proctor Compaction of the LOC-Ca(OH)2 System 
Figure 7.2.3 (A and B) illustrates, respectively, the OMC and MDD values of the LOC 
with 2%, 4%, 6% and 8% Ca(OH)2. either umnellowed or mellowed (6 hours or 3 days 
at 20"C). Mellowing was achieved with an addition of 20wt. % water. 
Increases in lime content produced systematic increases in OMC and decreases in MDD 
in the LOC-Ca(OH)2 system with the greatest differences occurring after an 
8%Ca(OH)2 addition to the LOC (from 27% to 28% OMC, and 1.39 Mg/M 3 to 1.36 
Mg/M3 MDD). The ONIC of the LOC-lime mixes increase progressively with increase 
in lime content after 6 hours of mellowing and further increase after a mellowing period 
of 3 days for lime additions of up to 6%Ca(OH)2, It should be noted that additions of 
lime in excess of 6%Ca(OH)2 result in a slight reduction in OMC values. The converse 
applies for MDD values which decrease with increase in mellowing time up to an 
addition of 6%Ca(OH)2. Further additions of lime result in little change or a slight 
increase in density. 
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7.2.3 Proctor Compaction of the LOC-CaO System 
Figure 7.2.4 (A and B) illustrate, respectively, the ONIC and MDD values of the LOC 
with 1.5%, 3%, 4.5% and 6%CaO (equivalent to 2%, 4%, 6% and 8%Ca(OH)2) either 
unmellowed or mellowed for 6 hours or 3 days at 20"C. Mellowing was achieved with 
an addition of 20wt. % water. The trends are very similar to those when Ca(OH)2 is 
added although the increases in OMC and the decreases in MDD are generally greater 
when CaO is used. 
Although an initial addition of CaO (i. e. 1.5%) increased the OMC of the LOC, further 
additions of CaO resulted in steadily reduced OMC values. However, after a period of 
mellowing (6 hours or 3 days), the OMC of the LOC generally increased with 
increasing lime content. The MDD of the LOC was initially reduced after a lime 
addition of up to 3%CaO(equivalent to 4%Ca(OH)2) (to 1.35 Mg/m 3) , but then 
increased with the LOC-6%CaO (equivalent to 8%Ca(OH)2) showing an MDD of 1.355 
Mg/m. 3. A similar pattern was seen after 6 hours mellowing, with an initial decrease in 
MDD after an addition of up to 3%CaO and then a slight relative increase with further 
CaO additions. Further mellowing (3-days) resulted in further decreased MDD values 
up to an addition of 3%CaO. Further increases in CaO content showed increased 
density. 
It is clear that increasing additions of lime to the LOC result in increased OMC values 
and decreased MDD values due to increased flocculation and agglomeration caused by 
cation exchange between the lime and the clay particles in the LOC. However, lime in 
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excess of 6%Ca(OH)2 had little further effect on the compaction characteristics of the 
LOC as it is thought that the reactive constituents in the LOC had been consumed, 
supporting the theory that 6%Ca(OH)2 or 4.5%CaO is the lime fixation point of the 
LOC. As stated above, the LOC-CaO mixes tend to give higher OMC values and lower 
MDD values than the LOC-Ca(OH)2 mixes. It is thought that the strong exothermic 
reaction that accompanies CaO hydration and produces Ca(OH)2 accelerates 
flocculation, explaining the observed differences in compaction values. The 
introduction of a mellowing period elevates the OMC and decreases the MDD values as 
a result of increased flocculation, with increased mellowing time generally producing 
higher and lower OMC and MDD values respectively. 
Summary 
* Small additions of lime (2%Ca(OH)2 or 1.5%CaO) to the LOC result in increased 
OMC and decreased MDD values, irrespective of mellowing time or curing 
temperature. However, it is apparent that the aforementioned changes in OMC and 
MDD values are greater when mellowing takes place at IOT compared to 
mellowing at 20"C. It is thought that this feature is due to the formation of reaction 
products that would be more crystalline and better formed at higher temperatures. 
e The similarity between the compaction data of mixes with 2%Ca(OH)2 or 1.5%CaO 
mellowed for 6 hours or 3 days suggest that such a small amount of added lime 
would be consumed within the first 6 hours of mellowing and therefore little further 
change in compaction values would be expected with further mellowing time. 
* Increasing additions of lime (up to 6%Ca(OH)2 or 4.5%CaO) to the LOC resulted in 
increasing ONIC values and decreasing MDD values. However these changes in 
compaction values were unaffected or slightly reversed when the lime content was 
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further increased. This supports the evidence from Section 7.1 that the lime fixation 
point of the LOC is 6%Ca(OH)2 or 4.5%CaO and further additions of lime result 
only in supplying an excess of lime to the material. Mellowing of LOC-lime mixes 
generally further increases OMC values and decreases MDD values with increased 
mellowing time, as flocculation is thought to continue unhindered. The effects tend 
to peak at >6% lime addition and then stabilise or reverse slightly. 
in order to further assess the role of mellowing in LOC-lime mixes, Section 7.3 
compares the short-term strength development (1 and 4 weeks curing), of unmellowed 
and mellowed (3 days at 20T) lime-modified LOC samples cured over a range of 
different temperatures. Section 7.3 also reports the influence of increasing additions of 
Ca(OH)2 on the strength development of the LOC, again over a range of different 
temperatures. 
7.3 Unconfined Compressive Strength (UCS) 
7.3.1 UCS of Lime-Modified LOC 
Figure 7.3.1 (A-D) presents the unconfined compressive strength (UCS) data for 
50#100mm. cylindrical specimens consisting of LOC modified with 2%Ca(OH)2 or 
1.5%CaO, both umnellowed and mellowed (3 days at 20"C) and cured for I or 4 weeks 
at 5"C, IOT and 20T. Mellowing was carried out for 3 days at 20T after an addition 
of water (OMC). The cylinders were compacted at their respective MDD (Section 7.2) 
and at a moisture content of 32%. 
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Although the highest strength occurred in the unmellowed samples at 20*C, curing 
temperature and mellowing has little overall effect on the UCS of LOC-2%Ca(OH)2 
samples after a curing period of I week, with no UCS value found in excess of 
350kN/M2 (Figure 7.3.1 (A) [Appendix B]). Further curing (4 weeks) generally resulted 
in increased UCS development, with the unmellowed samples consistently exhibiting 
higher strengths than similar mellowed samples (Figure 7.3.1 (B)). Similar behaviour 
was observed when the LOC was modified with 1.5%CaO, although after I week 
curing, the strength of mellowed material exceeded that of the um-nellowed material, 
especially at PC (Figure 7.3.1 (Q). After 4 weeks curing the strength was, overall, 
increased with the unmellowed LOC-1.5%CaO samples generally showing higher 
strengths compared to similar mellowed samples, although a reduction in strength was 
apparent at PC (Figure 7.3.1 (D)). Generally no UCS values were in excess of 400 
kN/M2. 
It is clear that although extended curing time generally results in greater strength 
development of lime-modified LOC, especially after curing at 20*C compared to similar 
samples cured at 5T, the changes are relatively small and not very systematic. This is 
attributed to the fact that only a small amount of lime was added to these specimens, 
and there is an immediate adsorption of lime by the clay particles, which produces 
flocculation (as explained in Sections 7.1 and 7.2). Also if sulphates are present rapid 
reaction might be expected to form gypsum and/or ettringite. Curing time allows the 
formation of various C-S-H gels and C-A-H phases due to pozzolanic reactions between 
the clay particles and the added lime. However, at these small levels of lime addition it 
is thought that there is insufficient lime remaining (after flocculation and the formation 
of initial reaction products) to provide any significant pozzolanic activity. It is therefore 
135 
Bari Thomas (2001) 
Universi! y of Glamorgan, 
- 
Chapter 7. Lower Oxford Clay - Lime System 
difficult to interpret the effect of mellowing on the strength development of compacted, 
lime-modified samples as the amount of added lime is probably insufficient to form 
adequate cementing gels and phases after the initial, rapid flocculation and interaction 
of the mixed material. Therefore, the UCS of the LOC was also investigated for 
increasing additions of Ca(OH)2 in the mix. The results are presented in the following 
Section. 
7.3.2 UCS of the LOC-Ca(OH)2 System. 
Figure 7.3.2 (A-D) and 7.3.3 (A-D) illustrate the UCS of urnnellowed and mellowed (3 
days at 20*C) LOC with increasing addition of Ca(OH)2 (2%, 4%, 6% and 8%) after 
curing at PC, 10"C and 200C for periods of I and 4 weeks respectively. Samples were 
compacted at their relevant MDD and at a moisture content of 32%. 
Strength generally increased with increasing lime content and increasing temperature, 
with the greatest I week strength exhibited by the mellowed LOC-8%Ca(OH)2 sample 
at 20'C (703 kN/M 2) , and after 4 weeks 
in the unmellowed LOC-8%Ca(OH)2 sample 
cured at 20"C (955 KN/m 2) . The increase 
in strength with increasing temperature is not 
surprising as it is known that higher temperatures encourage more rapid reactions and 
better-fanned cementitious products (i. e. C-S-H gels and C-A-H phases) and therefore 
superior strengths. The amount of added lime also affects the strength development of 
clay soils as the addition of increased calcium ions usually results in an increased 
volume of cementitious reaction products. However, this is dependent on the volume of 
pozzolanic material present in the clay soil because if the critical amount of available 
calcium ions to react with the available pozzolanic material is exceeded, then little 
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further strength gain will be achieved by increases in lime content. As stated earlier the 
increase in UCS with time and with temperature is negligible when 2%Ca(OH)2 is 
added to the LOC as clay containing such small additions of lime shows modification 
but little stabilisation because there is insufficient lime to produce significant amounts 
of cementitous reaction products. 
A feature of the test results is that after I week of curing it is the mellowed samples that 
generally show the higher strengths compared to the unmellowed samples. However, 
after 4 weeks curing the reverse is usually the case where unmellowed samples are 
generally stronger than mellowed samples. Therefore, the processes and reactions 
between the lime and the LOC that take place during mellowing contribute to the early 
strength of lime modified LOC, but are superseded by other reactions (probably 
pozzolanic reactions) with increasing time. The addition of lime to a sulphate-bearing 
clay soil (such as the LOC) is known to react with pozzolanic material and the sulphate 
to form ettringite, which in itself is known to contribute to the early strength of PC 
mortars and is the principal strength-giving phase in super-sulphated cement (SSC). It is 
thought that the mellowing period would encourage crystalline ettringite formation in 
LOC-lime mixes, explaining the mellowed samples' superior strength development after 
I week's curing. However, this process (ettringite formation) will consume calcium ions 
introduced to the mixture by the lime. Therefore it is probable that this calcium 
depletion in mellowed samples will result in inferior strengths when compared with 
unmellowed samples after 4 weeks curing, as the strength giving gels and phases must 
be less in volume. Thus, it is probable that mellowed lime-modified LOC samples 
would show lower strengths compared to umellowed samples after longer curing 
periods. In addition, in the unmellowed samples the initial ettringite formation reaction 
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is known to be expansive which could depress the early strength gain in the unmellowed 
material, whereas in the mellowed material a significant part of the ettringite forming 
reaction would have been completed during the mellowing period. 
Summary 
o Increased curing time and increased curing temperature generally results in 
increased unconfined compressive strength (UCS) values for lime-modified 
(2%Ca(OH)2 or 1.5%CaO) LOC samples, although the changes are small and non- 
systematic. Therefore the increases in UCS with time and temperature, and the 
differences between mellowed and unmellowed samples are difficult to interpret 
because such small additions of lime show modification but little stabilisation, as 
there is insufficient lime to produce significant amounts of cementitious reaction 
products. 
* The addition of increasing amounts of Ca(OH)2 to the LOC results in increased 
strength development. After I week curing, UCS values are greater for samples that 
have undergone a period of mellowing (3 days at 20"C) than for unmellowed 
samples. 
However, after 4 weeks curing it is generally the unmellowed samples that exhibit 
higher UCS values. It is thought that during mellowing crystalline ettringite is 
formed, which will contribute to the early strength of the material. However, this 
process consumes calcium ions, which are required in the formation of the various 
strength giving gels and phases over time. Therefore it is probable that unmellowed 
lime-stabilised LOC samples would show slightly higher strengths after longer 
curing periods than similar mellowed samples. In addition the early stages of 
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ettringite formation are expansive which may retard early strength gain in 
unmellowed samples. 
The previous sections have established that when LOC-lime mixes have undergone a 
period of mellowing (for 3 days at 201C) prior to compaction and subsequent testing 
then significant changes in Atterberg (consistency) limits, Proctor compaction values 
and short term strength development (UCS) occur compared to similar unmellowed 
mixes. It is thought that these changes are the result of increased flocculation and the 
formation of various reaction products as a consequence of the clay-lime reactions. As 
stated earlier (Chapter 3), expansion due to sulphate attack is common in lime-stabilised 
clay soils. Section 7.4 examines the role of mellowing and pyrite oxidation on the 
expansion characteristics of lime-stabilised Lower Oxford Clay. 
7.4 Linear Expansion, pH Measurements and S03 Analysis 
7.4.1 Lime Modified LOC 
7.4.1.1 Linear Expansion 
Figures 7.4.1 and 7.4.2 illustrate the linear expansion of LOC with additions of 
2%Ca(OH)2 and 1.5%CaO in four differing soaking environments; a static soaking 
environment at 20'C (Figure 7.4.1 (A)); an aerated soaking environment at 20T 
(Figure 7.4.1 (B)); an aerated soaking environment at 20*C where the samples have 
been mellowed for 3 days at 20*C before compaction (Figure 7.4.2 (A)); and an aerated 
environment, stored at 5"C, where the samples have been mellowed for 3 days at 20"C 
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(Figure 7.4.2 (B)). Before soaking, a curing period of 7 days was employed in all cases. 
Mellowing was achieved with a moisture addition at OMC. The cylinders were 
compacted at their respective MDD values (Section 7.2) and at a moisture content of 
32%. 
When, after a 7-day curing period, soaking water saturates compacted LOC-lime 
samples, linear expansion is immediate regardless of lime type, soaking environment 
and temperature (Figure 7.4.1 (A-B) and Figure 7.4.2 (A-B)). During the first 7-14 days 
of soaking, expansion is rapid in all CaO and Ca(OH)2 modified specimens and 
thereafter expansion continues at a reduced rate (Figure 7.4.1 (A)). The pattern and rate 
of linear expansion of the LOC-2%Ca(OH)2 and LOC-1.5%CaO samples varied 
somewhat when soaked in a static environment, where the LOC-2%Ca(OH)2 sample 
showed slightly greater "ultimate" expansion (8% expansion at 105 days) than the LOC- 
1.5%CaO sample (6% expansion at 105 days). Soaking in aerated water (Figure 7.4.1 
(B)) had little effect on the expansion characteristics of the samples, compared to 
soaking in a static environment. However, a period of mellowing before compaction 
results in reduced expansion in both mixes (3.9% expansion at 105 days) (Figure 7.4.2 
(A)). Lowering the soaking temperature to PC resulted in slightly increased expansion 
in both samples (Figure 7.4.2 (B)). Maximum expansion was observed in the LOC- 
2%Ca(OH)2 sample as it expanded by almost 10% after 110 days. In general, the 
expansion patterns of the CaO and Ca(OH)2 modified LOC samples were very similar 
throughout the test, implying that lime type, at these low lime additions, had little effect 
on the linear expansion of the LOC. The observation that mellowing produces a 
significant reduction in expansion indicates that chemical reaction during the mellowing 
period is a critical factor influencing subsequent expansion. It is thought that the 
140 
Bari Thomas (2001) 
University of Glamorg-an. 
apter 7, Lower Oxford Clay - Lime System 
mellowing process consumes calcium ions, firstly during flocculation of the mixed 
material and secondly in the formation of ettringite. If this is the case the sulphate ions 
will also be consumed by the process of ettringite formation, resulting in lower 
available sulphate ions in mellowed samples (compared to unmellowed samples) when 
saturated with water. It is known that ettringite formation in the presence of excess 
water will lead to expansion and deterioration of lime-stabilised clay soils. Therefore it 
is probable that the reduced expansion apparent in mellowed compacted, lime-modified 
LOC samples is a result of calcium and sulphate depletion due to the formation of 
crystalline ettringite during the mellowing period. This subsequently reduces ettringite 
formation and therefore expansion upon soaking. Another theory to explain reduced 
expansion in mellowed LOC-lime samples compared to unmellowed samples could be 
due to the reduction in density (and therefore increased porosity) of the mellowed 
material, as seen in Section 7.2. Mellowing allows ettringite to form unhindered in a 
less restricted cnviromnent, thus causing less disruption and expansion. The increased 
expansion of lime-modified LOC when tested at PC may be due to the insufficient 
production of cementitious products at lower temperatures, resulting in lower strength 
and therefore less resistance to expansive reactions. However, Figure 7.3.1 (A) and (C) 
show that the differences in UCS values after I week's curing (i. e. the curing period 
before saturation in the expansive test) between the mellowed samples cured at PC and 
200C are not significantly different. The 7-day curing period prior to soaking does allow 
ettringite to form (as it does during mellowing) in a moist rather than a saturated 
environment where it is much less expansive. Thus, material cured at 20'C where 
reaction is more rapid will expand less on soaking than material cured at 5'C. 
141 
Bari Thomas (2001) 
UniversiN of Glamorgan. 
Chapter 7. Lower Qx Lord Clay - Lime Stystem 
7.4.1.2 Sulphate (SO3) Analysis of Lime-Modified LOC 
Figure 7.4.3 (A-D) shows the S03 content of the LOC-2%Ca(OH)2 and 1.5%LOC-CaO 
samples that have been subjected to the linear expansion experiments outlined in 
Section 7.4.1.1. The S03 contents of the samples were determined after a 7-day moist 
curing period, after 14 and 105 days soaking (21 days and 112 days as shown on the 
figures). 
The total sulphur content of the LOC was detennined as 2.45% and the S03 content as 
0.97% as detennined by BS 1377 (Chapter 6). Therefore the potential additional S03 Of 
the LOC, if all the sulphur is oxidised is: 
Total Sx (amu Of S03 / amu of S) - Determined 
S03 
2.45 x (80/32) - 0.97 = 5.14% 
Thus, if all S (sulphur) as sulphide or organic sulphur was to convert to S03, then the 
total potential S03 that could be provided by the LOC= 6.12% (i. e. 5.14 + 0.97) 
A mellowed, compacted sample of LOC without any added lime which was cured for 7 
days at 20"C (i. e. the curing period before moisture is added during linear expansion 
experiments), was found to have an S03 content of 0.88% (i. e. the S03 content at zero 
lime addition in Figure 7.4.3 (A-D)), which within the expected variability of the LOC, 
is the same as that determined for the untreated uncompacted LOC (0.97% S03). This 
illustrates that the sulphate level of the LOC does not increase when mixed with water, 
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compacted and cured for 7 days. The addition of lime to the LOC resulted in a marked 
increase of the S03 content after 7 days curing from 0.88% to 1.53% for the LOC- 
2%Ca(OH)2 sample, and to 2.32% for the 1.5%CaO sample (Figure 7.4.3 (A-B)). 
Mellowing of similar samples, again cured for 7 days, showed increased S03 content 
with the LOC-2%Ca(OH)2 and LOC-1.5%CaO sarnples increasing to 1.92% and to 
2.11 % respectively (Figure 7.4.3 (C-D)). 
Soaking the lime-modified LOC samples for 14 days (21 days into the test) resulted in 
further substantial increases in S03 content. Surprisingly however, after prolonged 
soaking periods, not only was the total potential S03 content of the LOC not achieved, 
but also the S03 content reduced substantially when aerated water constituted the 
soaking water. Soaking in a static environment for 14 days resulted in an increase in 
S03 content of the LOC-2%Ca(OH)2 samples from 1.53 (7days) to 2.86% (at 21 days) 
(Figure 7.4.3 (A)). However the LOC-1.5%CaO samples decreased in S03 content from 
2.32% to 1.46% over the same period. Only a relatively small reduction in S03 content 
was observed in both samples after 105 days to 2.22% and 1.06% respectively. Soaking 
in aerated water for 14 days consistently raised the S03 content of the 1.5%CaO 
samples to above 4% whereas the S03 content of the LOC-2%Ca(OH)2 sample 
increased by a lesser degree. In all tests S03 contents did not reach the total potential 
value of 6.12% and in the tests involving aerated soaking water at 200C, S03 values 
were reduced to below 2% after 105 days (112 days into the test). 
In an attempt to explain the phenomenon of reduced S03 contents after soaking in 
aerated water, data from thermogravimetric analysis (TGA) of the mellowed LOC- 
2%Ca(OH) and LOC-1.5%CaO samples soaked in aerated water was undertaken at 
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various stages of the expansion test (i. e. after 3 days mellowing, after 7 days moist 
curing; after 14 days soaking and after 105 days soaking). It was found that the gypsum 
content increased during the mellowing period, but during curing and subsequent 
soaking the gypsum content (expressed as a percentage of the LOC) fell in both samples 
(Figure 7.4.4 (A)). However, the calcium carbonate (CaC03) content of both samples 
fell during the mellowing period but increased to a maximum level of 17.3% after 108 
days soaking (Figure 7.4.4 (B)). This suggests that during mellowing gypsum was 
formed at the expense of calcium carbonate due to the oxidation of pyrites (FeS2) in the 
soil. This is common in clay soils containing pyrites (Russell and Parker (1970); 
Hawkins and Pinches (1987); Hawkins and Wilson (1990)) as oxidised pyrites produces 
weak sulphuric acid: 
2FeS2 + 2H20 + 702 -> 2FeSO4 + 2H2SO4 
The sulphuric acid will then attack calcite (calcium carbonate) in the soil to form 
gypsum: 
H2S04 + CaC03 + H20 CaS04.2H20 + C02 
However, with prolonged soaking in aerated water, surprisingly the calcium carbonate 
content increases whilst the gypsum content decreases or remains stable. 
In order to understand the reactions and processes at work throughout the expansion 
experiments on lime-modified LOC, especially during the mellowing period, it is 
necessary to introduce a greater volume of lime to the LOC. The following section 
compares the linear expansion, pH measurements and S03 values of LOC with 
increasing additions of Ca(OH)2. 
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7.4.2 Lime-Stabilised LOC - Linear Expansion, pH Measurements and S03 
Analysis of LOC-Ca(OH)2 samples. 
Figures 7.4.5-7.4.8 (A) illustrate the linear expansion of LOC with various additions of 
Ca(OH)2 (2%, 4%, 6% and 8%) which were subjected to soaking in a variety of 
environments and temperatures. Secondly, Figures 7.4.5-7.4.8 (B) show the pH values 
of the soaking waters containing the various compacted samples. Finally Figures 7.4.5- 
7.4.8 (C) illustrate the changes in S03 content of the various samples after moist curing 
(7 days), after soaking for 14 days and after soaking for 105 days (21 and 112 days on 
the figures). In addition Figure 7.4.9 shows the changes in pH of the soaking water from 
the umnellowed LOC-8%Ca(OH)2, in which the air that was bubbled through the 
soaking water was first passed through a sealed flask containing soda lime or "carbsorb" 
to removeC02 prior to bubbling. 
7.4.2.1 Unmellowed Samples in a Static Soaking Environment 200C 
Expansion: Expansion of compacted lime-stabilised LOC cylinders when soaked in a 
static environment after 7 days curing, was immediate with all samples showing the 
same rate of expansion over the first 7 days soaking (14 days into the test) (Figure 7.4.5 
(A)). After 21 days soaking the sample containing the greatest Ca(OH)2 content 
exhibited the greatest linear expansion, with samples expanding between 6.1 % and 9% 
respectively for samples containing between 2% and LOC-8%Ca(OH)2. Expansion 
slowed down after about 50 days in all samples and thereafter was minimal. The 
greatest and least amount of linear expansion, at the end of the test (after 105 days 
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soaking), was 8.1% and 15.5% in, respectively, the LOC-2%Ca(OH)2 and LOC- 
8%Ca(OH)2 samples. 
pH. - The pH of the static soaking waters containing LOC-Ca(OH)2 samples showed 
increased values after 7 days soaking, with, as expected, higher pH values occurring in 
samples containing higher amounts of Ca(OH)2 (e. g. LOC-2%Ca(OH)2 sample - pH 
10.5,8%Ca(OH)2 - pH12.5) (Figure 7.4.5 (B)). A reduction in pH of around 1.5 was 
then observed in all soaking waters after a further 7 days soaking, though further 
soaking increased the pH of the soaking waters between I and 2 pH. This pH level was 
then maintained for 70 days whereupon a slight decrease in pH occurred. The pH 
monitoring of the soaking water containing the LOC-4%Ca(OH)2 sample was 
terminated after 77 days as the sample expanded beyond the limit of the expansion cell 
and was therefore open to the air, though linear expansion could still be monitored. 
S03 Content: As previously established (Section 7.4.1.2), the S03 content of the LOC 
to which 1.5%CaO or 2%Ca(OH)2 had been added increased substantially after a period 
of curing (7 days) and subsequent soaking. In these experiments up to 8%Ca(OH)2 was 
added to the LOC. Soaking of unmellowed, compacted LOC samples with various 
additions of lime in a static environment for 14 days resulted in a further increase in 
S03 content (Figure 7.4.5 (Q). Also sulphate content was generally higher at higher 
lime contents with the highest S03 content displayed by the LOC-8%Ca(OH)2 sample 
(3.9%). After 105 days soaking (112 on the figure) in a static environment the S03 
content of the stabilised LOC samples showed either further increases or in two cases a 
slight decrease but still maintained values in excess of 2%. In fact, the LOC- 
6%Ca(OH)2 samples showed a substantial increase in S03 (to 5.55%). This increase in 
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S03 content must be due to pyrites oxidation as discussed in Section 7.4.1.2. Clearly, 
even in a static system, there is sufficient oxygen available to provide substantial 
oxidation and the maximum S03 value obtained (5.8%) is only slightly below the 
maximum potential S03 content of 6.12%. 
7.4.2.2 Unmellowed Samples in an Aerated Soaking Environment at 20*C 
Expansion: Soaking compacted samples of LOC with various additions of Ca(OH)2 in 
aerated water generally resulted in slightly increased expansion compared to samples 
soaked in a static enviroment, except for the LOC-2%Ca(OH)2 sample which showed 
slightly less expansion (Figure 7.4.6 (A)). However, Figure 7.4.1 shows the opposite 
with the LOC-2%Ca(OH)2 samples soaked in aerated water expanding less than similar 
samples in static water. The reason for this must simply be due to sample variability, 
rather than increased expansion due to chemical reactions. The greatest expansion was 
seen in the LOC-6%Ca(OH)2 sample (16.3%) after 105 days soaking. Although the 
object of soaking samples in aerated water was to artificially oxidise the pyrites present 
in the LOC and hence increase sulphate levels, it would appear from both the sulphate 
analyses and the expansion measurements that there is adequate oxygen available in the 
static system to oxidise most if not all of the pyrites. 
pH. - Soaking of the various samples in aerated water produced a rather different pH 
pattern compared to the static soaking waters (Figure 7.4.6 (B)). The maximum pH of 
the soaking waters occurred after 14 days soaking, with the LOC- 4%, 6% and 
8%Ca(OH)2 samples showing pH values of around 12.5, whilst the LOC-2%Ca(OH)2 
sample exhibited a maximum pH of 9. Further soaking resulted in gradually decreased 
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pH values until 56 days, whereupon all soaking waters showed pH values of neutral (7) 
until the end of the test. As the patterns of the static and aerated soaking waters varied 
so dramatically, a separate test was undertaken to establish the effects of aerating the 
water with specific regard to atmospheric C02 on pH values. Figure 7.4.9 compares the 
pH values of the aerated soaking water containing LOC-8%Ca(OH)2 sample, with the 
pH values of similarly aerated soaking water where the air had first been passed through 
a sealed flask containing soda lime or "carbsorb" prior to its introduction to the water in 
order to remove C02 from the system. The figure clearly shows that the pH values of 
the C02-free water remain at around 12.4pH whereas the C02-rich water displayed an 
obvious decline in pH. It would appear therefore that it is the carbonation of the soaked 
samples that is resulting in the marked decline of the pH after 30 to 40 days of soaking. 
S03 Content: Soaking of the various lime stabilised LOC samples for 14 days in 
aerated water resulted in increased S03 content (Figure 7.4.6 (Q). The LOC- 
8%Ca(OH)2 sample again exhibited the highest increase in S03 content (from 2.0% to 
3.9%). However, the S03 contents of the LOC-2% and 4%Ca(OH)2 samples after 122 
days soaking dropped to values below that of the 7 day cured unsoaked sample and the 
value for the LOC-8%Ca(OH)2 sample decreased from 3.9% to 2.6%. Although the 
LOC-6%Ca(OH)2 sample showed a slight increase in S03 content and exhibited the 
highest value at 105 days soaking (3.3%), the value was substantially less than the 5.5% 
exhibited by the sample soaked in a static environment (Figure 7.4.5 
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7.4.2.3 Mellowed Samples in an Aerated Soaking Environment at 20*C 
Expansion: Mellowing of LOC-Ca(OH)2 samples prior to compaction resulted in 
reduced expansion in all samples soaked in aerated water, with the greatest reduction in 
expansion due to mellowing occurring in the LOC-6%Ca(OH)2 sample after 105 days 
(from 16.3% to 9.7% expansion) (Figure 7.4.7 (A)). The expansion profile of the LOC- 
8%Ca(OH)2 Mix showed renewed expansion after 50 days, at which point the sample 
expanded beyond the limit of the expansion cell and thereafter expansion measurements 
were tenninated. The expansion characteristics of the LOC with 4% and 6% Ca(OH)2 
additions were very similar throughout the test (between 9.5% and 10% expansion after 
105 days). The 2%Ca(OH)2 mix showed good dimensional stability after 40 days of the 
tcst. 
pH. - The introduction of a mellowing period before compaction and subsequent soaking 
(3 days at 20'C) further modified the pH of the aerated soaking waters, as maximum pH 
was not observed until after 35-42 days soaking with the waters containing the higher 
amounts of lime again displaying the highest pH values (Figure 7.4.7 (B)). The 
maximum pH values for the aerated water containing mellowed samples of LOC and 
2%, 4%, 6% and 8% Ca(OH)2 were 7.5,9.5,11.5 and 12.5 respectively. A decline in 
pH value was then observed after 56 days, and after 84 days the pH values of all 
soaking waters were neutral (7) until the completion of the test. 
S03 Content: Mellowing (3 days at 200C) of samples before compaction resulted in 
generally reduced S03 increases after soaking in aerated water for 14 days compared to 
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similar unmellowed samples (Figure 7.4.7 (Q. For LOC samples containing 2% and 
4%Ca(OH)2 the increase after soaking was <0.5% S03, whereas for samples containing 
6% and 8%Ca(OH)2 the increase after the same soaking time was >1% S03. After 
soaking for 105 days, a noticeable decrease in S03 content was observed in all samples 
so that regardless of lime content, the %S03 was found to be less than before soaking 
(between 1.1% and 1.7%). It is probable that the carbonation of the lime and the 
subsequent drop in pH values, which is known to lead to ettringite decomposition and 
the leaching of sulphate ions into the soaking waters, was achieved more effectively in 
the less dense, more porous mellowed specimens explaining the significant reduction in 
S03 levels compared to umnellowed samples. 
The three soaking environments (static, aerated, and aerated and mellowed) have shown 
markedly differing pH value patterns, even though the samples are essentially of the 
same compositions (i. e. LOC-lime). It is thought that C02 introduced into the soaking 
waters via the aeration process is responsible for the reduction of pH values when 
samples are soaked in aerated environments. The C02 will carbonate the lime present in 
the sample and therefore lower the pH value, simultaneously providing an unstable 
environment for ettringite and ultimately causing ettringite decomposition. It is 
interesting to note that the pH values of all aerated samples "level-ofP' at a value of 
neutral (7), the pH value of gypsum in solution (Figure 5.1). It is thought that the pH 
values of the mellowed LOC-Ca(OH)2 mixes exhibit a slightly different trend as they 
are less dense than the unmellowed samples (Section 7.2) and therefore have a higher 
porosity, explaining the gradual "build up" in pH levels as it simply took longer for the 
OH ions to diffuse into the surrounding water. The higher porosity of the material 
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would also explain the marked drop in pH when the Ca(OH)2 was eventually 
completely carbonated. 
7.4.2.4 Mellowed Samples in an Aerated Soaking Environment at 5"C 
Expansion Lowering the temperature of the soaking environment from 20"C to PC 
resulted in very rapid initial expansion and then collapse (Figure 7.4.8 (A)). In fact the 
magnitude of expansion prior to failure, even for specimens with low lime content was 
similar to that of the mellowed LOC-8%Ca(OH)2 sample after 50 days soaked at 20*C 
in aerated water. (Figure 7.4.7 (A)) After 14 days soaking all samples failed (Le. 
collapsed), indicating very poor cementation coupled with excessive expansion. 
pH. -, It is difficult to interpret the pH values of the aerated soaking waters of the 
mellowed samples stored at PC (Figure 7.4.8 (B)) because the lime stabilised LOC 
samples failed after only 3 weeks soaking. The pH patterns of the LOC with 6% and 8% 
Ca(OH)2 showed slightly higher values after less soaking time in this test compared to 
the soaking waters containing similar samples stored at 20"C. 
S03 Content: When the soaking temperature was reduced from 20T to PC (Figure 
7.4.8 (Q), the S03 content of mellowed, compacted and cured LOC-lime samples, 
soaked in aerated water (14 days), increased even further. The LOC samples containing 
2% and 4%Ca(OH)2 increased their S03 content by increments of about 1.3% (from 2% 
and 1.4% to 3.2% and 3.2% respectively), whilst the samples containing 6% and 
8%Ca(OH)2 increased by increments of about around 3.5% (from 1.4% to 4.9% and 
4.8% respectively) after 14 days soaking at PC Because the soaked specimens failed 
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after less than 3 weeks soaking, the long-term changes in S03 content could not be 
determined. 
Summary 
0 On soaking after 7 days moist curing, linear expansion of lime-modified LOC 
samples (either 2%Ca(OH)2 or 1.5%CaO) was immediate regardless of the soaking 
enviromnent. 
e An addition of lime (either 2%Ca(OH)2 or 1.5%CaO) to the LOC resulted in 
increased S03 levels after mellowing (3 days at 20"C and 7 days moist curing at 
20"C) due to the oxidation of pyrites. 
e Increases in lime content to the LOC generally resulted in increased linear 
expansion, increased pH levels of the surrounding waters and increased S03 
contents after soaking. 
* Other than at high lime contents, aerating the surrounding soaking waters of lime- 
stabilised. LOC samples produced a marked fall in measured S03 contents at 
extended soaking times to levels below that prior to soaking. Also the introduction, 
as a result of aeration, Of C02into the soaking waters resulted in a marked fall in pH 
values after 56 days soaking. 
eA period of mellowing (3 days at 20T) prior to compaction of LOC-lime samples 
resulted in reduced linear expansion and in lower sulphate contents during soaking. 
*A drop in temperature from 20"C to ST resulted in a significant increase in 
measured sulphate values after 14 days soaking and an increase in the initial 
expansion experienced on soaking. 
9 The observations establish that increased lime content and reductions in temperature 
produce increased expansion. Also, aerating the soaking water has limited influence 
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on expansion, and mellowing substantially reduces expansion of the Lower Oxford 
Clay (LOC). 
7.5 Durability Index (DI) 
7.5.1 LOC-Ca(OH)2 System 
Figure 7.5.1 (A and B) shows the durability index (DI) of the LOC with various 
percentage additions of Ca(OH)2 (2%, 4%, 6% and 8%) cured at either 5 or 20T with 
and without a period of mellowing (3 days at 20'C). The samples were compacted at 
their relevant MDD and at 32% MC. 
Unlike strength (Section 7.3) increasing additions of lime to the LOC samples cured at 
200C did not result in increased durability index (DI) values (Figures 7.5.1 (A-B)). 
instead a gentle overall decline in DI was observed with increasing lime content (Figure 
7.5.1 (A-B)). However, increasing lime content improved the DI of all samples cured at 
5*C, with the mellowed material showing slightly elevated DI values compared to 
unmellowed samples. The DI's of the LOC-Ca(OH)2 samples were reduced when cured 
at 51C compared to similar samples cured at 20"C with the LOC-2%Ca(OH)2 soaked 
samples exhibiting no measurable strength at all at PC This is clearly a result of the 
absence of the fonnation of cementitious bonding at PC as demonstrated in Figure 
7.3.3. At 20'C the LOC-2%Ca(OH)2 sample showed the greatest DI. Also at 20*C it is 
apparent that the LOC-6%Ca(OH)2 samples showed better DI values than the LOC- 
8%Ca(OH)2 samples with or without mellowing. Mellowing improved the DI of all 
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samples when cured at 20T (except the LOC-2%Ca(OH)2 sample which showed little 
change) (Figure 7.5.1 (B) [Appendix B]). 
It is thought that ettringite forms in the LOC-lime system and that in the presence of 
excess moisture, ettringite formation causes disruption and swelling. From the previous 
sections (Figure 7.3.3), it is clear large additions of lime to the LOC result in higher 
strengths compared to samples containing 2%Ca(OH)2. However, specimens with high 
lime contents expand far more than samples containing small amounts of lime (Figure 
7.4.5-7.4.7). Therefore it is probable that the reduction in durability index (DI) samples 
containing high lime contents is due to the greater propensity of those samples to swell, 
though this feature is less for mellowed samples. 
It is proposed that the higher DI values shown in mellowed LOC-lime samples, 
compared to unmellowed samples is due to a combination of two factors: 1) reduced 
density and increased porosity allowing room to accommodate the formation of 
deleterious phases (such as ettringite or at low temperatures thaumasite) and therefore 
reducing disruption, and 2) reduced available calcium and sulphate contents as it is 
thought mellowing encourages ettringite formation prior to compaction, subsequently 
depleting the system of the necessary ingredients to form deleterious phases in the 
presence of water. 
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Summary 
Increased lime contents resulted in increased durability values at 5*C, except at low 
lime levels, although the reverse occurred when testing took place at 20'C, as 
samples with high lime contents are known to expand in the presence of water. 
* The DI values of LOC-Ca(OH)2 samples tested at 20"C are greater than those tested 
at 5"C. This is attributed to the absence of the fonnation of cementitious bonding at 
lower temperatures (see Figure 7.3.3). 
* Mellowing of the LOC-Ca(OH)2 generally resulted in better durability, especially at 
20'C (except in the LOC-2%Ca(OH)2 sample). This increase in durability is a result 
of a combination of increased porosity, allowing more room for the formation of 
deleterious ettringite during soaking and the depletion of available calcium and 
sulphate ions due to reactions taking place during mellowing. 
e Results suggest that there is a maximum lime limit of 6%Ca(OH)2 addition to the 
LOC, above which the DI reduces. 
In order to better understand the processes by which these observed changes occur a 
series of analyses were carried out on specimens at different stages in their 
development, using thermogravimetric analysis and X-ray diffraction analysis. The 
results of these are reported in Sections 7.6 and 7.7. 
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7.6 Thermogravimetric Analysis 
7.6.1 LOC 
Figure 7.6.1 illustrates the derivative thennogravirnetric (DTG) trace of dried Lower 
Oxford Clay that was subjected to heating up to 1000"C at a rate of 10*C/min in an 
open alumina pan in a nitrogen atmosphere. There are 5 Regions of the LOC DTG trace 
that relate to weight loss due to either loss of H20 or C02- 
9 Region I (<80"C) represents moisture loss due to adsorbed moisture on the material 
not lost during the drying process. Moisture loss, and therefore weight loss, at this 
temperature range (i. e. <80'C) represents the driving off of the uncombined water 
present in the LOC. 
e Region 2 (90-140*C) represents weight loss due to the water loss of gypsum when 
heated to around II OI'C to 13 O'C. Parsons et al. (1997) attributed a similar weight- 
loss peak to gypsum at these temperatures when analysing LOC using evolved gas 
analysis (EGA) techniques. Calculations using the TG curve show the gypsum 
content of the LOC to be 1.45%. This value is slightly less than the value given by 
Smith (1999) of 2% gypsum in the LOC. Because the LOC is heated in an open 
alumina pan, the characteristic double weight-loss peak of gypsum (as explained in 
Chapter 6) is not seen here. 
9 Region 3 (300-600*C) represents the loss of water due to dehydroxylation of clay 
minerals. The LOC is a natural clay soil containing kaolinite (10%), illite (23%) and 
chlorite (7%) and the dehydroxylation weight-loss peaks overlap producing a large, 
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broad double peak between 300"C and 6001C (Figure 7.6.1). The dehydroxylation 
of clay minerals is known to occur around 500*C and more specifically kaolinite 
loses its combined water at 570"C (Liptay, 1974). The report by Parsons et al. 
(1997) on LOC suggest that organic matter is oxidised in this temperature region 
(300"C to 500"C), and it is also thought that S02 evolution peaks are located 
between 300'C and 500'C that are due to the oxidation of organic bound sulphur 
and the oxidation of pyrites (Parsons et al. 1997). However it is unlikely these peaks 
would be present in the current work as all TG analyses are run in an oxygen free, 
nitrogen environment. 
o Region 4 (620-760'C) represents the loss Of C02 from calcium carbonate. This is 
confirmed by comparison of dried, untreated LOC with LOC that has been subjected 
to dilute (2Molar) HCl (Figure 7.6.2). The figure shows clearly that the weight loss 
in region 4, present in the LOC at around 700'C disappears on dissolution in HCI. 
The acid combines with the calcium carbonate to produce calcium chloride (CaCI), 
thus driving Off C02, which results in the loss of CaC03 material. This is 
represented below: 
CaC03 + 2HCI -> CaC12 + C02 + H20 
In addition there is an increase in the weight loss peak at around 120T due to 
gypsum dehydration. The liberation Of C02 from CaC03 will result in an increase 
in available calcium content in the system, and it is suggested that this released 
calcium reacts with the sulphate released from the pyrites in the soil in the acid 
enviromnent to produce extra gypsum 
* Region 5 (800-900*C). The exact origin of this small peak at around 9001C is 
unclear. Parsons et al. (1997) assigns this peak to water evolution or C02 evolution, 
depending on the heating environment, though they do not specifically state how the 
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peak is produced. An alternative for the weight loss is the loss Of S03 from the 
gypsum at high temperatures, thus explaining the increase in this peak with 
increased gypsum content. However, Figure 7.6.3 shows clearly that the peak in this 
region is unconnected with gypsum. Another possibility is the decomposition of 
sulphides and other carbonates, which are, according to Dunham (1992), thought to 
occur between 400-950"C. 
7.6.2 LOC-Ca(OH)2 System 
Figures 7.6.4,7.6.5,7.6.6 and 7.6.7 show the DTG traces of the LOC containing 
respectively 2%, 4%, 6% and 8%Ca(OH)2. The figures include the traces for specimens 
with the components (i. e. LOC and Ca(OH)2) mixed together in the dry state; in the 
unmellowed state; after mellowing (3 days at 20"C); and after I and 4 weeks moist 
curing at 20'C (with and without a pcriod of mcllowing). For purposcs of comparison 
the individual DTG traces of the LOC and Ca(OH)2 are also displayed in each figure. 
Table 7.2 gives the gypsum contents of the various mixes expressed as a percentage of 
the LOC. Unfortunately, due to time constraints it was not possible to analyse 
specimens that had also been soaked in static and aerated water. 
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Table 7.2 Gypsum contents (%) of the LOC with various additions of Ca(OH)2 
after mixing and after various curing times. 
LOC 2%Ca(OH)2 4%Ca(OH)2 6%Ca(OH)2 8%Ca(OH) 
Dry Mix 1.45 1.87 1.75 1.54 1.65 
Urunellowed - 4.42 3.39 4.23 2.52 
Mellowed - 3.55 3.83 2.05 3.21 
1 Weeks Curing 
- 1.88 3.86 3.35 3 05 (Umnellowed) . 
I Weeks Curing 
- 1.72 1.40 2.79 2 58 (Mello ed) . 
4 Weeks Curing 
- 4 36 3.31 2.38 3 04 (Umnellowed) . . 
4 Weeks Curing 
- 5 11 5.96 3.16 3.16 (Mello ed) . 
Theoretical 1.45 6 10 10.73 15 37 20 01 Limit* . . . 
* This assumes that all added lime forms gypsum and contributes to the 1.45% already present in the 
LOC. 
It is apparent that on mixing the LOC with 2%Ca(OH)2, the gypsum content of the 
material immediately increased from 1.45% to 1.87% implying that either the LOC or 
Ca(OH)2 were not fully dry, or that the materials had reacted with moisture in the air to 
partially oxidise the pyrites in the LOC and thus slightly increase the gypsum content 
(Figure 7.6.4). In the dry state, the addition of 2%Ca(OH)2 also resulted in the 
fort-nation of a small peak at 4000C attributable to the dehydration of unreacted 
Ca(OH)2. The addition of water to the mix (32wt. %) further increased the gypsum 
content of the material (from 1.45%to 4.42%) implying that the oxidation of pyrites and 
subsequent formation of gypsum was immediate in the presence of moisture, 
confirming the sulphate analysis reported in Section 7.4. Also, as expected, the Ca(OH)2 
peak vanished confirming that the lime had reacted with the components in the LOC. A 
similar pattern was observed after a period of mellowing (3 days at 200C), and also a 
small peak was present below 100'C. A curing period of I week at 20"C reduced the 
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gypsum content of both the mellowed and unmellowed material, with the mellowed 
material exhibiting a peak around 80-90*C. Further curing (4 weeks at 20*C) resulted in 
increased gypsum content with the unmellowed and mellowed mixes displaying 
gypsum contents of 4.36% and 5.11% respectively. In both mixes the peak forming at 
around 80'C was stronger and better defined. The excess sulphate was clearly 
consumed in the formation of an additional sulphate-containing phase or phases. It is 
suggested that this phase is ettringite, which exhibits a weight loss in the region 70- 
120'C. 
An addition of 4%Ca(OH)2 resulted in an increased Ca(OH)2 peak (Figure 7.6.5). The 
introduction of water increased the gypsum content from 1.45% to 3.39% and reduced 
the Ca(OH)2 peak. After mellowing the gypsum content of the mix further increased to 
3.83% with the Ca(OH)2 now fully consumed. A strong peak was observed at around 
800C indicating a new phase had been formed during the mellowing period. Curing for 
I week initially resulted in a further increase in gypsum to 3.86%. However, further 
curing (4 weeks) reduced the gypsum content of the material to 3.31% whilst the peak 
that represents the phase produced during mellowing had more than doubled. Increased 
curing after mellowing resulted in a similar trend for the unmellowed material, though 
the gypsum content of the mellowed material was greater than in the unmellowed 
material. 
Figure 7.6.6 shows that an addition of 6%Ca(OH)2 to the LOC resulted in an increased 
Ca(OH)2 peak and an increase in gypsum content (from 1.45% to 1.54%). After the 
addition of water the gypsum content further increased (to 4.23%). Also some of the 
added lime that had not yet reacted with the other components in the LOC remained. 
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Mellowing resulted in a reduction in gypsum content, though there was still unreacted 
Ca(OH)2 present in the system. The TG trace of the LOC-6%Ca(OH)2, cured for I week, 
again illustrates that a portion of the added Ca(OH)2 had not reacted with the LOC. 
Also, the gypsum peak had reduced whilst the peak formed at around 80"C increased in 
size. Further curing resulted in the almost complete disappearance of gypsum whilst the 
phase represented by the peak at around 80'C (attributed to ettringite) had increased 
significantly. The TG curves of the mellowed samples after curing followed a similar 
pattern, though the gypsum content was higher after 4 weeks curing (3.16%). Whether 
the samples were mellowed or unmellowcd, the added Ca(OH)2 had fully reacted with 
the clay after 4 weeks curing. 
Adding moisture to the LOC-8%Ca(OH)2 slightly increased the gypsum content of the 
material from 1.45% to 1.65% (Figure 7.6.7). Mellowing of the mix resulted in a further 
increase of the gypsum content (3.21%) and a strong peak was observed at 80T. 
Curing for I and 4 weeks resulted in a gradual reduction in gypsum content with the 
new phase (thought to be ettringite) with a weight loss peak around 80*C being more 
prominent with increases in curing time. Curing the mellowed samples for the same 
time period had the same affect, though the gypsum peak was more prominent. 
Throughout all mellowed mixes, the presence of Ca(OH)2 indicated that even after 
mellowing and 4 weeks moist curing some -of the added lime had not reacted with the 
LOC. In general at low lime addition there is a tendency, after prolonged curing, for 
most of the added lime to be present as gypsum, whereas the converse is the case for 
high lime additions in that the gypsum contents tend to be lower although the potential 
gypsum contents are much higher. Most of the added lime in this case is fixed as 
ettringite which gives a weight loss peak in the region of 70'C to 100*C, and there is 
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also, in the case of the LOC-8%Ca(OH)2 sample, evidence of some residual lime 
remaining even after 4 weeks. 
7.6.3 LOC-CaO System 
Figures 7.6.8,7.6.9,7.6.10 and 7.6.11 illustrate the DTG traces of the LOC mixed with 
1.5%, 3%, 4.5% and 6% CaO with increasing time. The figures show the curves of the 
components (i. e. LOC and CaO) mixed together in the dry state; in the unmellowed 
state; after mellowing (3 days at 201C); and after 1 and 4 weeks moist curing at 20T 
(with and without a period of mellowing). For clarity the DTG trace of the LOC is also 
displayed. Table 7.3 exhibits the gypsum contents of the various mixes as a percentage 
of the clay. 
Table 7.3 Gypsum contents (%) of the LOC with various additions of CaO after a 
number of mixing and curing times. 
LOC 1.5%CaO 3%CaO 4.5%CaO 6%CaO 
Dry Mix 1.45 2.19 3.30 4.23 4.20 
Umnellowed - 4.59 4.25 5.13 4.62 
Mellowed - 4.08 4.91 4.30 5.04 
1 Weeks Cured 
- 2.80 3.02 2.81 2.67 (Umnellowed) 
I Weeks Cured 
- 3.90 4.77 5.32 4.42 (Mellowed) 
4 Weeks Cured 
- 2.13 0 0 0 (Umnellowed) 











*This assumes that all added lime forms gypsum and contributes to the 1.45% already present in the 
LOC. 
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Mixing of the dry LOC-1.5%CaO material with water immediately increased the 
gypsum content of the LOC (from 1.45% to 4.59%), though this was slightly reduced 
after mellowing (3 days at 20*C) to 4.08% (Table 7.2). This reduction in gypsum 
content coincided with an increase in the size of the peak found at a temperature of 
around 80"C. Curing for I and 4 weeks resulted in further reductions in gypsum 
content, and an increase occurred in the phase represented by the peak found at around 
801C, attributed to ettringite. However, curing for I and 4 weeks after mellowing 
showed much greater gypsum contents and relatively smaller increases in the ettringite 
peak. 
Figure 7.6.9 illustrates that the addition of 3%CaO to the LOC resulted in an increase in 
the gypsum content from 1.45% to 3.30%. The addition of water further increased the 
gypsum content of the mix (to 4.25%) and a period of mellowing resulted in a further 
increase to a gypsum content of 4.91%. During mellowing the new phase occurred 
represented by the peak at around 80'C. Curing for I and 4 weeks resulted in the 
reduction and eventual disappearance of the gypsum peak, whilst the phase represented 
by the peak formed at around 8011C became more dominant until it was the only clearly 
visible peak after 4 weeks curing. However curing for the same period after mellowing 
showed that the gypsum content was still relatively high (between 4.3% and 4.7%) 
compared to the unmellowed DTG traces. 
A further addition of CaO to the LOC (i. e. 4.5%CaO) again resulted in an immediate 
increase in gypsum content (from 1.45% to 4.23%), which further increased when 
moisture was added to 5.13% (Figure 7.6.10). Mellowing of the mix reduced the 
gypsum peak and the new phase, ettringite formed, represented by the peak at a 
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temperature of around 80*C. Curing for I and 4 weeks resulted in decreased gypsum 
content with time until the gypsum completely disappeared having reacted with the 
components of the LOC, whilst the ettringite phase fort-ned during mellowing increased. 
Curing of the mellowed mixes (I and 4 weeks) again showed a reduction of the gypsum 
peak and an increase in the ettringite peak formed during mellowing. However, after 4 
weeks there was still 3.77% gypsum in the mellowed system compared with a complete 
absence of gypsum in the unmellowed system. Also the ettringite peak found at around 
80"C was not as pronounced in the mellowed material as in the unmellowed material. In 
the mellowed or unmellowed mixes that have been cured for I and 4 weeks, a Ca(OH)2 
peak is apparent, implying that the CaO had hydrated to form Ca(OH)2, and that the 
lime had not completely reacted with the components in the LOC. 
Figure 7.6.11 shows that the addition of 6%CaO to the LOC again resulted in increased 
gypsum content (from 1.45% to 4.20%). The addition of water to the mix slightly 
increased the gypsum content, and the added water also reacted with the CaO to form a 
Ca(OH)2 peak at around 400'C. Mellowing of the mix increased the gypsum content to 
5.04% and also resulted in the formation of ettringite, as shown by the peak at around 
800C. Similar to Figures 7.6.8-7.6.10, curing for I and 4 weeks reduced the gypsum 
content of the material to 2.67% and 0% respectively, whilst the DTG peak representing 
the ettringite phase formed during mellowing continued to increase. Curing for I and 4 
weeks of mellowed samples again showed a decrease of the gypsum content to 4.42% 
and 4.00% respectively whilst the ettringite phase formed during mellowing continued 
to increase, though at a slower rate than in unmellowed samples. 
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From this section it is clear that the gypsum content of the LOC increases when lime is 
added (whether mixed in a "dry" state or mixed with water). This phenomenon must be 
due to the rapid oxidation of pyrites in the LOC, which produces sulphuric acid, which 
in turn attacks the lime and possibly also the calcite present and produces gypsum. It is 
also clear that gypsum and ettringite are the two main reaction products of LOC-lime 
mixtures. However, the type and amount of the reaction products depend largely on 
three factors: 1) the effect of quicklime as opposed to hydrated lime, 2) the effect of 
mellowing as opposed to not mellowing, and 3) the effect of lime content. As discussed 
previously the balance between the relative amounts of gypsum and ettringite produced 
is particularly sensitive to lime content and there is a tendency for gypsum to be the 
dominant phase at low lime contents and ettringite at high lime contents. 
Summary 
* Quicklime Vs. Hydrated Lime: The two fundamental differences between the 
LOC-Ca(OH)2 and LOC-CaO system are that: 1) in the dry mixes the gypsum 
content of the LOC increases to a greater level when mixed with CaO compared to 
Ca(OH)2- It is known that CaO is more reactive than Ca(OH)2 and therefore may 
produce gypsum, via pyrites oxidation at an advanced rate; and 2) afler 4 weeks 
curing the unmellowed LOC-Ca(OH)2 samples show a gypsum content of between 
3% and 4.4% whereas in the LOC-CaO samples at lime levels above 1.5%CaO there 
is a complete absence of the gypsum peak. Instead, a large ettringite peak is 
exhibited. As both systems contain excess lime at high lime additions after 4 weeks 
curing, it is probable that the differences in gypsum contents with differing lime 
type show that CaO is more effective in oxidising pyrites to form gypsum. The more 
rapid oxidation of pyrites in the LOC-CaO system would lead to more gypsum 
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being consumed during ettringite formation, ultimately resulting in the complete 
oxidation of pyrites and the full consumption of gypsum to form ettringite. 
Mellowed vs. Unmellowed. In all samples (regardless of the system), ettringite 
forms during the mellowing period at the expense of gypsum. This is a result of the 
extended oxidation time of pyrites (producing gypsum, which is consumed in the 
presence of lime and water) and also the reduced density resulting in a more open 
LOC-lime matrix allowing ettringite development during the 3 days mellowing 
period. The major difference between the mellowed and unmellowed samples after 4 
weeks curing is that the mellowed samples consistently contain between 3.16% and 
5.96% gypsum, whereas the unmellowed sample contained considerably less 
gypsum (in the case of the LOC-CaO system, no gypsum is found at all at CaO 
levels above 1.5%). It has been shown that at low lime addition, pyrites oxidation 
occurs during mellowing to form gypsum at the expense of calcium carbonate in the 
LOC. Also gypsum, in the presence of water and lime, will form ettringite during 
mellowing. Both these reactions consume lime and water prior to compaction and 
subsequent curing. Therefore not only will the mellowed compacted LOC-lime 
samples be depleted in available sulphate and lime, but also available water. Thus it 
is evident that the gypsum present in mellowed samples after 4 weeks curing is not 
fully consumed in the formation of ettringite, perhaps due to the lack of available 
moisture. 
Lime Content. The DTG figures in this section established that the amount and 
type of reaction product depend largely on the amount of lime added to the LOC. 
When only a small amount (2%Ca(OH)2 or 1.5%CaO) is added it is clear that 
gypsum is the dominant reaction product before compaction. After compaction and 
subsequent curing of these low-lime samples it is the gypsum peaks, which are 
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generally larger than the ettringite peaks (especially after mellowing). When larger 
amounts of lime (8%Ca(OH)2 or 6%CaO) are added it is clear that after compaction 
the largest reaction-product DTG peaks are exhibited by water loss attributed to 
ettringite in the cured, unmellowed samples. When a period of mellowing is 
employed prior to compaction ettringite is still the dominant reaction product, 
though unlike in the unmellowed sample, a significant amount of gypsum remains. 
It is likely that this feature is a result of differing pH values when differing amounts 
of lime are added to the LOC (as seen in section 7.4). From the DTG data it is clear 
that small amounts of added lime are consumed in various reactions before I week 
curing. However, large amounts of added lime are not fully consumed even after 4 
weeks curing, resulting in higher pH levels and of course more available lime. As it 
has been reported (Gaze and Crammond, 2000) that ettringite is unstable at pH 
levels below 10, it is unsurprising that the DTG traces of the LOC-8%Ca(OH)2 or 
6%CaO exhibit higher ettringite: gypsum ratios and that at low lime levels the 
reverse is noted. 
In order to corroborate the above deductions, the next section examines the phase 
changes of the LOC with 8%Ca(OH)2 or 6%CaO using X-ray diffraction (XRD) 
techniques. 
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7.7 X-ray Diffraction (XRD) Analysis 
7.7.1 Lower Oxford Clay (LOC) 
Figure 7.7.1 illustrates the X-ray diffraction (XRD) trace of the Lower Oxford Clay 
(LOC). The 20 values and d-spacings of the peaks can be seen in Appendix C. 
Only the major peaks representing illite, gypsum, kaolinite, calcite, quartz, siderite, 
herni-hydrate, plagioclase feldspar and pyrites are labelled on the XRD trace of the 
LOC. The minerals represented in Figure 7.7.1 are in good agreement with 
mineralogical analysis of the LOC reported by Wild et al. (1996) and Smith (1999) 
(Table 5.2) 
7.7.2 LOC-8%Ca(011)2 SYSteM 
Figure 7.7.2 (A) illustrates the XRD trace of the LOC-8%Ca(OH)2 in the dry mix; the 
unmellowed mix; and compacted unmellowed samples after I and 4 weeks curing at 
201C. Figure 7.7.2 (B) illustrates the XRD trace of the LOC-8%Ca(OH)2 in the dry mix; 
in the mellowed mix (3 days at 20'Q; and compacted mellowed samples after I and 4 
weeks curing at 20T. 
Mixing of the two dry constituents resulted in the appearance of two large Ca(OH)2 
peaks, and these peaks diminished in size on addition of water (32%) (Figure 7.7.2 (A)). 
Also the strong gypsum peak disappeared on mixing with water, indicating that both the 
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Ca(OH)2 and the gypsum had reacted. After compaction and curing (I week) it is 
noticeable that the gypsum peak is again present. This is clearly a result of pyrites 
oxidation, which is known to produce gypsum when free calcium is present. Also the 
small amount of hemi-hydrate (CaS04.0.5H20) observed was consumed along with 
more Ca(OH)2 in the formation of ettringite. Further curing (4 weeks) showed that the 
gypsum peak was reduced along with the Ca(OH)2 peak, whilst the ettringite peak had 
increased. As the gypsum was now being reduced and Ca(OH)2 was still present in the 
system, it is probable that pyrites oxidation had terminated after 4 weeks, though it is 
thought ettringite would continue to fonn with further curing. 
A period of mellowing modified the proportion and types of reaction products present 
prior to compaction as ettringite is clearly produced and hemi-hydrate disappears 
(Figure 7.7.2(B)). Gypsum is also clearly present and appears to increase slightly, 
indicating that pyrites oxidation is continuing at an enhanced rate compared to the 
unmellowed mix. Curing of the compacted, mellowed LOC-8%Ca(OH)2 sample shows 
that Ca(OH)2 is consumed to a geater extent than in the unmellowed samples (also see 
Figure 7.6.7) and that both ettringite and gypsum are present after 4 weeks. The results 
of the X-ray analysis generally confirm and support the results obtained from 
thennogravimetric analysis in Figure 7.6.7. 
7.7.3 LOC-6%CaO System 
Figure 7.7.3 (A) illustrate the XRD trace of the LOC-6%CaO in the dry mix; in the 
unmellowed mix; and compacted unmellowed samples after I and 4 weeks curing at 
201C. Figure 7.7.3 (B) illustrates the XRD trace of the LOC-6%CaO in the dry mix; in 
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the mellowed mix (3 days at 20'Q; and compacted mellowed samples after I and 4 
weeks curing at 20"C. 
Surprisingly, the addition of up to 6%CaO to the LOC did not result in the appearance 
of crystalline CaO, and Ca(OH)2 was observed in the XRD trace of the "dry" mix 
(Figure 7.7.3 (A)). Similar to the LOC-8%Ca(OH)2 MiX. the addition of water resulted 
in the reduction of the Ca(OH)2 peak and the strong gypsum peak was very much 
reduced, again indicating that in the presence of water, the limc and the gypsum had 
reacted. Compaction and curing for I week resulted in ettringite formation at the 
expense of hemi-hydrate and lime, and the continued presence of gypsum and Ca(OH)2 
in the system indicated that pyrites oxidation was continuing. Further curing produced 
increased ettringite formation, this time at the expense of gypsum and lime. After 4 
weeks curing the complete disappearance of gypsum, coupled with the presence of a 
small amount of lime strongly suggests that pyrites oxidation had terminated. Again the 
X-ray diffraction data generally support the results of the thennogravimetric analysis of 
these specimens reported in 7.6.11. 
The presence of ettringite and the disappearance of hemi-hydrate confirm the theory that 
a period of mellowing allows the reactions between the added lime and the sulphates to 
occur prior to compaction (Figure 7.7.3 (13)). Compaction and curing of the mellowed 
LOC-6%CaO mixes illustrates gypsum is still abundant together with ettringite even 
after 4 weeks curing and that much of the added lime had been consumed. This is in 
excellent agreement with Figure 7.6.11. 
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Summary 
Immediately on mixing lime with the LOC in the presence of water, reactions 
involving Ca(OH)2 and sulphates take place. 
After compaction and curing (1 week), ettringite is formed at the expense of hemi- 
hydrate, lime and water. After 4 weeks curing, the reduction or complete 
disappearance of gypsum, coupled with the presence of lime, indicates pyrites 
oxidation has terminated. 
*A period of mellowing prior to compaction and curing results in the formation of 
ettringite at the expense of lime and sulphates. The fact that gypsum continues to be 
present during curing and appears to increase with time suggests that pyrites 
oxidation occurs at an enhanced rate in mellowed mixes compared to unmellowed 
mixes. 
* After curing it is clear that mellowed samples contain both gypsum and ettringite 
and that lime levels are reduced, whereas unmellowed samples, although following 
a similar pattern, tend to show less gypsum and greater amounts of ettringite. This 
may be as a result of the fact that mellowed samples are susceptible to carbonation 
during the mellowing period and depression in pH (relative to samples that are not 
mellowed) which tends to favour gypsum stability relative to ettringite. 
7.8 LOC-Lime Summary 
It is apparent that in sulphate and sulphide bearing clays the addition of lime leads to 
increased levels of sulphate (from enhanced pyrites oxidation), ettringite formation and 
increased expansion on soaking. Mellowing reduces the expansion on soaking because 
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it allows some of the expansive reactions to take place prior to compaction. Also 
mellowing depresses pH values in the early stages of soaking which also appears to 
depress pyrites oxidation and sulphate levels. This may be due to carbonation during 
mellowing. To effectively stabilise soil and to achieve long-term pozzolanic activity and 
strength enhancement the amount of added lime must be above lime fixation point. 
However this, as explained above leads to increasing pyrites oxidation and sulphate 
contents and increasing levels of expansion during soaking. A solution to this problem 
is to use lime not as a stabiliser, but as a soil modifier and use a second material as a 
stabiliser. Ground granulated blastfumace slag (GGBS) would act as an ideal stabiliser 
as its hydration is activated in an alkaline enviromnent and it provides long term 
cementation and good sulphate resistance. If lime is added to the soil as a modifier and 
the soil is allowed to mellow, sulphates will be released during the mellowing period. 
Also some of the damaging reaction products, which are expansive if formed under 
saturated conditions, will form during the mellowing period in circumstances where 
they will do no damage. The amount of lime that is added should, from an economic 
standpoint, be as small as possible, but should be sufficient to both maintain an alkaline 
environment for a prolonged period, to facilitate GGBS activation and also to promote 
pyrites oxidation and release sulphate, and allow some of the damaging expansive 
products to form during the mellowing period. It should also be noted that where GGBS 
is to be used as a stabiliser the presence of gypsum could be advantageous because if 
lime is used as an activator, gypsum is known to accelerate GGBS hydration and 
therefore provide early strength. 
From an assessment of the results obtained on the LOC-lime system and their analysis 
and interpretation it was decided to use either 2%Ca(OH)2 or 1.5%CaO as a soil 
17) 
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modifier for the LOC and use various levels of GGBS as stabiliser to establish an 
appropriate GGBS level. In addition, for purposes of comparison and evaluation, PC 
was also used as a stabiliser. 
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Figure 7.1.1 Atterberg (consistency) limits of LOC with various additions of 
Ca(OH)2 before and after mellowing for 3 days at 20*C. 
LL= liquid limit 
PL = plastic limit 
PI = plasticity index 
I'7A 
UniversyE QLGlamQLg_an 











1.5 3 4.5 6 
(2) (4) (6) (8) 
added CaO content (amounts equivalent to 
Ca(OH)2) 
--*-- LL -mellowed 
0 LL - unmellowed 
&-- PL - mellowed 
A PL - unmellowed 
-- -)K- - -PI - mellowed 
ME PI -unmellowed 
Figure 7.1.2 Atterberg (consistency) limits of LOC with various additions of Cao 
before and after mellowing for 3 days at 20'C. 
LL= liquid limit 
PL = plastic limit 
PI = plasticity index 
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Figure 7.2.1 (A) Optimum moisture content (OMC) and (B) maximum dry density 
(MDD) values of LOC-2%Ca(OH)2 mellowed for either 6 hours or 3 days at I O'C or 
20'C 
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Figure 7.2.2 (A) Optimum moisture content (OMC) and (B) maximum dry density 
(MDD) values of LOC-1.5%CaO mellowed for either 6 hours or 3 days at 10'C or 
20'C 
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Figure 7.2.3 Compaction parameters of mellowed (6 hour or 3 days at 201C) and 
unmellowed LOC treated with various additions of Ca(OH)2 at 20'C. 
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Figure 7.2.4 Compaction parameters of mellowed (6 hour or 3 days at 20*C) and 
unmellowed LOC treated with various additions of CaO at 201C. 
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UCS of LOC w ith 2%Ca(OH)2 after Iw eek curing. 
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Figure 7.3.1 Unconfined compressive strength (UCS in kN/m') of compacted lime- 
modified (i. e. 2%Ca(OH)2 or 1.5%CaO) LOC samples cured at 5'C, IO'C or 200C for I 
and 4 weeks. 
(M) = Mellowed 
(UN) = Unmellowed 
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Figure 7.3.2 Unconfined cornpressive strength (UCS in kN/i-n-) of compacted 111-ne- 
LOC samples with various additions of Ca(OH)2 cured at 5'C, I O'C or 20'C for I week. 
(M) = Mellowed 
(UN) = Unmellowed 
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UCS of LOC with 2%Ca(OH)2 after 4 weeks curing. 
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Figure 7.3.3 Unconfined compressive strength (ITS in kN/m') of compacted lime- 
LOC samples with various additions of Ca(014)2 cured at 50C, I O'C or 20'C lor 4 
weeks. 
(M) = Mellowed 
(UN) = Unmellowed 
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Figure 7.4.1 Linear expansion vs. soaking time of compacted, lirne-modified 
(2%Ca(01-1)2 or 1.5%CaO) LOC in (A) a static soaking envIronment at 20'C; or (B) 
an aerated soaking environment at 20"C. 
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Figure 7.4.2 Linear expansion vs. soaking time of compacted, lirne-modified 
(2%Ca(OH)2 or 1.5%CaO), mellowed (3 days at 20'C) J, OC in (A) an aerated 
soaking environment at 20'C-, or (B) an aerated soaking environment at 51C. 
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Figure 7.4.3 Stilphate (S03) content vs. soaking time of compacted, linle modified 
(2%Ca(011)2 or 1.5%CaO) LOC in (A) a static soaking environment at 20'C; (B) an 
aerated soaking environment at 20'; (C) an aerated soaking environment after 
mellowing (3) days at 20'C) at 20'C; and (D) an aerated soaking environment after 
mellowing (3 days at 20'C') at 5'C. 
Bari Thomas (2001) loc 
University 01'Glamorgan 













m CL E co 
0 0 (-) U) 
B 
40 60 80 100 120 
Time (days) 
0 LOC+2%Ca(OH)2 (M) 0 LOC+1.5%CaO (M) 
18 






20 40 60 80 100 120 
Time (days) 
0 -', C 
0 
U) * LOC+2%Ca(OH)2 (M) 0 LOC+1.5%CaO (M) 
Figure 7.4.4 Graphical representation of thermogravinietric (TGA) data illustrating 
(A) changes in gypsum content (as a percentage of the LOC) and (B) changes in 
CaCO3 content (as a percentage of the LOC) of mellowed LOC-2%Ca(OH)2 and 
LOC-1.5%CaO samples soaked in an aerated environment. 
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Figure 7.4.5 (A) Linear expansion; (B) pH measurements and (C) sulphate (S03) 
contents of unnicilowed, compacted LOC samples with various additions of Ca(011)2 
in a static soaking environment at 200C. 
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Figure 7.4.6 (A) Linear expansion; (B) pH measurements and (C) sulphate (S03) 
contents of unmellowed, compacted LOC samples with various additions of Ca(011)2 
in an aerated soaking environment at 200C. 
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Figure 7.4.7 (A) Linear expansion; (B) p1l measurements and (C) sulphate (S03) 
contents of mellowed (3 days at 20'C), compacted LOC samples with various 
additions ofCa(Of 02 in an aerated soaking environment at 20'C. 
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Figure 7.4.8 (A) Linear expansion; (B) pl-I measure ri-ients and (C) sulphate (S03) 
contents of mellowed (3 days at 20'C), compacted LOC samples with various 
additions of Ca(01-02 in an aerated soaking environment at 50C. 
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Figure 7.4.9 Comparison of the pl-I values of aerated soaking waters containing LOC- 
8%Ca(OH)2 samples. The broken line represents the pl-I values of CO-2-free air where 
the air was first passed through soda lime or -carbsorb". 
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Figure 7.5.1 Durability index (DI) of compacted samples with various additions of 
Ca(01-1)2 tested at 5'C' or 20'C, (A) unniellowed or (B) mellowed (t'Or 3 days at 
20'C). 
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Figure 7.6.1 DTG trace of the Lower Oxford Clay (LOC) in an open alumina pan and 
nitrogen atmosphere. [The numbers on the graph relate to the Regions listed on page 
156]. 
1000 
Figure 7.6.2 Comparison of the DTG traces of the LOC with and without treatment 
with dIlLItC hydrochloric acid (HCI). Both samples were heated In open alumina palls in I 
a nitrogen atmosphere. 
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Figure 7.6.3 DTG trace of gypsum (CaS04.2(H20)) in a nitrogen atmosphere in an 
open alumina pan. 
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Figure 7.6.4 DTG trace of LOC with an addition of 2%Ca(OH)2 mixed in a dry 
state; in an unmellowed state; after mellowing (3 days at 20'Q; and after I and 4 
weeks moist curing at 201C (with or without a period of mellowing prior to 
compaction). 
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Figure 7.6.5 DTG trace of LOC with an addition of 4%Ca(OH)2 mixed in a dry 
state; in an unmellowed state; after mellowing (3 days at 20'Q; and after I and 4 
weeks moist curing at 201C (with or without a period of mellowing prior to 
compaction). 
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Figure 7.6.6 DTG trace of LOC with an addition of 6%Ca(OH)2 mixed in a dry 
state; in an unmellowed state; after mellowing (3 days at 20'Q; and after I and 4 
weeks moist curing at 20T (with or without a period of mellowing prior to 
compaction). 
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Figure 7.6.7 DTG trace of LOC with an addition of 8%Ca(OH)2 mixed in a dry 
state; in an unmellowed state; after mellowing (3 days at 20'Q; and after I and 4 
weeks moist curing at 200C (with or without a period of mellowing prior to 
compaction). 
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Figure 7.6.8 DTG traces of LOC with an addition of 1.5%CaO mixed in a 
dry state; in an unmellowed state; after mellowing (3 days at 20'C) and after 
1 and 4 weeks moist curing at 20T (with or without a period of mellowing 
prior to compaction). 
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Figure 7.6.9 DTG traces of LOC with an addition of 3%CaO mixed in a dry 
state; in an unmellowed state; after mellowing (3 days at 20'Q and after I 
and 4 weeks moist curing at 20'C (with or without a period of mellowing 
prior to compaction). 
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Figure 7.6.10 DTG traces of LOC with an addition of 4.5%CaO mixed in a 
dry state; in an unmellowed state; after mellowing (3 days at 20'Q and after 
1 and 4 weeks moist curing at 20'C (with or without a period of mellowing 
prior to compaction). 
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Figure 7.6.11 DTG traces of LOC with an addition of 6%CaO mixed in a 
dry state; in an unmellowed state; after mellowing (3 days at 200C) and after 
I and 4 weeks moist curing at 20'C (with or without a period of mellowing 
prior to compaction). 
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Figure 7.7.2 (A) X-ray diffraction (XRD) traces of LOC-8%Ca(OH)2 
samples mixed in a dry state; in an unmellowed state and after compaction 
and curing at 201C for 1 and 4 weeks. 
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Figure 7.7.2 (B) X-ray diffraction (XRD) traces of LOC-8%Ca(OH)2 
samples mixed in a dry state; in a mellowed state Q days at 20*C) and 
after compaction and curing at 20T for 1 and 4 weeks. 
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Figure 7.7.3 (A) X-ray diffraction (XRD) traces of LOC-6%CaO samples 
mixed in a dry state; in an unmellowed state and after compaction and 
curing at 20'C for 1 and 4 weeks. 
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Figure 7.7.3 (B) X-ray diffraction (XRD) traces of LOC-6%CaO samples 
mixed in a dry state; in a mellowed state (3 days at 200C) and after 
compaction and curing at 200C for I and 4 weeks. 
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8 Experimental Results - Lime Activated 
GGBS Stabilised, and Lime and PC Stabilised 
LOC. 
8.1 Introduction 
As shown in Chapter 7, Section 7.3, the change in UCS values with time and 
temperature of compacted LOC-2%Ca(OH)2 and LOC-1.5%CaO samples is difficult to 
interpret because such small additions of lime show modification but little stabilisation 
as there is insufficient lime to produce significant amounts of cementing reaction 
products. There is a clear tendency for specimens cured at 50C to show a decline in 
strength with increase in curing time, whereas small strength gains can be achieved at 
101C and 20T. It should however, be noted that strength is influenced by moisture 
content and as there is clearly little cementation occurring in these samples, the 
variability in strength values may in part be due to variation in moisture content with 
curing time (Arabi, 1987). Also the distinction between using CaO or Ca(OH)2 with 
respect to strength development is not clear although in general strengths are greater at 
the longer curing periods when CaO is employed. This again may be due to reduced 
moisture content in specimens containing CaO. The work in Chapter 7 shows that it is 
possible to achieve higher strengths with increased lime content but this also had the 
effect of producing increased expansion on soaking, which is unacceptable. One 
potential route to achieving cementation and strength development without the 
IMS 
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associated expansion is to use small additions of lime to modify the soil and then 
incorporate a stabilising agent such as GGBS or PC to provide cementation. The 
following section describes the strength development of lime modified LOC stabilised 
with either GGBS or PC. As discussed previously, in temperate regions such as the UK, 
quicklime (CaO) is generally used in preference to slaked lime (Ca(OH)2) as it has a 
number of advantages (chapter 3). Also CaO has been utilised as a soil modifier and 
GGBS activator in stabilisation work in practice in the UK (Higgins and Kennedy, 
1999). In addition, much work has already been carried out on the engineering 
properties of Ca(OH)2-activated GGBS stabilised soils under laboratory conditions 
(Kinuthia, 1997; Wild et. al, 1998; Veith, 2000). Therefore CaO is used as the principal 
soil modifier and GGBS activator in the current work, although selected specimen 
compositions for UCS and durability work will also involve Ca(OH)2 for comparative 
purposes. As a reference point the strength development of lime-modified LOC was 
first detennined and then subsequently for GGBS stabilised and PC stabilised lime- 
modified LOC. 
8.1.1 Unconfined Compressive Strength - MeHowed, Compacted Lime-Modified 
LOC 
Figure 8.1.1 (A and B) show the UCS development of mellowed (3 days at 20*Q LOC- 
2%Ca(OH)2 and LOC-1.5%CaO mixes, compacted at MDD and 32% MC. The 
compacted samples were cured at 5"C, I OT and 20T for 1,4,12,24 and 52 weeks. 
The mellowed, compacted LOC-2%Ca(OH)2 samples developed little strength 
regardless of curing time and curing temperature (Figure S. 1.1 (A)). In fact when the 
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samples were cured at 50C UCS values noticeably diminished with the lowest strength 
exhibited after 52 weeks when cured at PC The highest UCS value occurred after 52 
weeks curing at I O'C. However, apart from the clear decline in strength development in 
samples cured at 5*C, the pattern of strength development was non-systematic with no 
sample showing a UCS value above 308 kN/M2. Similarly the UCS values of mellowed, 
compacted LOC-1.5%cCaO samples proved to be erratic with the highest strength 
exhibited by the sample cured for 24 weeks at I OT (3 63 kN/m 2) (Figure 8.1.1 (B)). 
8.1.2 UCS of LOC-1.5%CaO with Various Percentage Additions of GGBS. 
Figure 8.1.2. (A-D) shows the UCS development of mellowed (3 days at 201C) LOC- 
1.5%CaO mixes, compacted (at MDD and 32% MC) after additions of 2%, 4%, 6% and 
8% GGBS. The compacted samples were cured at 5"C, lO'C and 20'C for 1,4,12,24 
and 52 weeks. 
An addition of 2%GGBS to the mellowed, compacted LOC-1.5%CaO sample generally 
resulted in increased UCS values especially when cured at 200C, with the highest UCS 
value exhibited after 52 weeks curing (627 
kN/M2) (Figure 8.1.2 (A)). Strength was 
reduced after 1 weeks curing at PC when 2%GGBS was added to the LOC-1.5%CaO 
sample (from 204 
kN/M2 to 121 kN/M2) .A further addition of GGBS (4%) resulted 
in 
enhanced strength development of LOC-1.5%CaO samples, especially after I weeks 
curing at PC (Figure 8.1.2 (B)). However, although UCS values were generally slightly 
higher compared to additions of only 2%GGBS, after 52 weeks curing at 20"C the UCS 
values for the 2%GGB and 4%GGBS samples were very similar (627 kN/M2 and 615 
kN/M 2 respectively). A further addition of 2%GGBS (i. e. 6%GGBS in total) to the 
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LOC-1.5%CaO had little effect on the strength development of the compacted material 
after I weeks curing, though further curing did result in increased strength in samples 
cured at 20'C (Figure 8.1.2 (Q). There was little significant strength gain when a 
further 2%GGBS was added to the LOC-1.5%CaO-6%GGBS sample (i. e. 8%GGBS). 
In fact after 52 weeks curing at 20'C the UCS value was less than that exhibited by the 
LOC-1.5%CaO-6%GGBS sample (987 kN/M 2 compared to 1137 kN/M2). It is apparent 
in all LOC-1.5%CaO-GGBS samples that most of the strength development takes place 
within the first 12 weeks curing at 20*C and further strength development beyond 12 
weeks is negligible. 
As mentioned earlier (Chapter 4) GGBS hydrates, or is activated, in an alkaline 
environment (provided in soil stabilisation by the lime), which breaks down the 
pseudomorphic layer coating individual slag grains. This releases silica and alumina and 
eventually. C-S-H gels and other cementing products forrn resulting inmuch improved 
strength, compared to lime-only stabilised soils. However, in a similar way to pozzolans 
such as clay minerals in lime-modified soils, the GGBS hydration reaction must 
compete for available lime with other reactions such as cation exchange (flocculation), 
ettringite formation, and (if present) pyrites (FeS2) oxidation in order to proceed. As 
stated in Chapter 7 it is known that during mellowing (3 days at 20*C) lime is consumed 
in several reactions resulting in reduced available lime content after mellowing and 
reduced pH. Therefore it is probable that GGBS hydration, and therefore strength 
development, may be subdued when a mellowing period is employed beforehand. It can 
be seen from Figure 8.1.2 (A-D) that, in general, strength is greatest in GGBS stabilised 
LOC after long curing periods of 12 weeks at 20'C when the samples contain 
6%GGBS. This is unsurprising, as it is known that higher curing temperature, increased 
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curing time and high GGBS contents result in increased strength development of lime- 
activated, GGBS stabilised. clay soils (Veith, 2000). After 12 weeks moist curing it is 
apparent that strength development is not significantly enhanced, especially at 20"C, in 
all LOC-1.5%CaO samples with added GGBS. It is thought that the relatively small 
amount of added lime is insufficient to enable further hydration of the GGBS and 
therefore continued curing does not result in increased strength. It is clear also that 
increasing the amount of GGBS provides increased strength up to an addition of 6% and 
that an addition of 8%GGBS yields little further significant increases in strength, which 
may also be attributed to insufficient lime to provide further activation. 
8.1.3 UCS of LOC-1.5%CaO with Various Percentage Additions of PC. 
Figure 8.1.3 (A-D) shows the UCS development of mellowed (3 days at 20*C) LOC- 
1.5%CaO mixes, compacted (at MDD and 32% MC) after additions of 2%, 4%, 6% and 
8% PC. The compacted samples were cured at 50C, IOOC and 200C for 1,4,12,24 and 
52 weeks. 
An addition of 2% PC generally improved the strength development of 1.5%CaO- 
modified LOC (Figure 8.1.3 (A)), although after I weeks curing at PC the UCS value 
of the LOC-1.5%CaO-2%PC sample was less than that of the LOC-1.5%CaO sample 
(165 kN/M 2 and 204 kN/M2 respectively), which is similar to the behaviour of samples 
with 2%GGBS. Also after 12 weeks curing at all temperatures a 2%PC addition to the 
LOC-1.5%CaO resulted in enhanced strength values compared to similar additions of 
2%GGBS, with the greatest strength occurring after 24 weeks curing at 200C (953 
kN/M2) . Further additions of 
PC to the LOC-1.5%CaO generally resulted in increased 
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UCS, especially after long curing periods at higher temperatures. When compared to 
similar LOC-1.5%CaO-GGBS samples (Figure 8.1.2 (B-D)), the strengths achieved 
with PC are higher, and strength development continues to occur beyond 12 weeks, 
while PC levels above 6% continue to provide strength enhancement. 
As previously discussed, the addition of lime to a clay soil before stabilisation with PC 
and compaction modifies the engineering properties of an otherwise unsuitable material 
resulting in better workability and ease of mixing and stabilisation. However, unlike 
GGBS, PC does not require an alkaline environment in order to hydrate and therefore is 
unaffected by any possible depletion in available lime level after the period of 
mellowing. PC is also known to hydrate at a faster rate than GGBS producing, in 
comparison, superior strengths over the early curing period. In addition to producing C- 
S-H gels and C-A-H phases as cementing products during hydration, PC also produces 
lime, in the form of Ca(OH)2. It is thought that this extra lime encourages pozzolanic 
reactions involving clay minerals in PC-stabilised soils adding to long-term strength 
development. Therefore increasing additions of PC will produce greater strength 
enhancement than increasing additions of GGBS, as exhibited by the LOC-1.5%CaO- 
8%PC sample which after 52 weeks curing at 20"C had stabilised at 1775 kN/M2 
whereas the equivalent LOC-1.5%CaO-8%GGBS sample had stabilised at 1000 Min 2 
and showed little change after 12 weeks. Also when curing PC stabilised material for 
long periods the UCS values of samples cured at 5"C were significantly better than 
similar GGBS samples indicating that at such low temperatures PC hydration, although 
substantially reduced, was not retarded to the same degree as the GGBS stabilised 
samples. 
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8.1.4 UCS of LOC-2%Ca(OH)2 with Various Percentage Additions of GGBS or 
PC. 
Figure 8.1.4. (A-D) shows the UCS development of mellowed (3 days at 200C) LOC- 
2%Ca(OH)2 mixes, compacted (at MDD and 32% MC) after additions of 4% and 8% 
GGBS or 4 and 8% PC. The compacted samples were cured at S*C, 10"C and 20*C for 
1,4,12,24 and 52 weeks. 
An addition of 4%GGBS significantly enhanced the strength of the mellowed 
compacted LOC-2%Ca(OH)2 sample, especially when cured at 20*C, with the greatest 
strength exhibited after 52 weeks curing (Figure 8.1.4 (A)). Further addition of GGBS 
(8%) further improved the UCS values of the mellowed LOC-2%Ca(OH)2 with the 
highest strength again exhibited after curing at 20"C for 52 weeks (Figure 8.1.4 (B)). It 
is again noticeable that strength development was retarded between 12 and 52 weeks 
curing in the LOC-2%Ca(OH)2-4%GGBS samples, which is explained in terms of 
insufficient lime being available for continued activation of the GGBS. However, 
surprisingly at 8%GGBS addition for specimens cured to 10"C and 20'C there was a 
significant increase in UCS values between 24 and 52 weeks curing, indicating that 
cementing products were still being formed. It is also apparent that a marked decrease in 
strength occurs after 12 weeks moist curing at PC in both the LOC-2%Ca(OH)2- 
4%GGBS and 8%GGBS samples and in both samples the UCS value for specimens 
cured for 52 weeks is less that that of samples cured for 12 weeks. 
Similar to an addition of GGBS, an addition of 4%PC improved the UCS of mellowed, 
compacted LOC-2%Ca(OH)2 samples, with the greatest value being exhibited in the 
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sample cured for 52 weeks at 20"C (1505 kN/M2) (Figure 8.1.4 (Q. Again a further 
increase in PC addition (8%) further increased the strength development of the modified 
LOC especially at higher curing temperatures and extended curing periods (52 weeks at 
20'C - 2315 kN/m 
2) (Figure 8.1.4 (D)). From Figure 8.1.2 it is apparent that additions 
of PC prove more effective than equal additions of GGBS with regard to strength 
development of lime-modified LOC especially after 52 weeks curing. This accelerated 
strength gain after prolonged curing, when PC hydration is very much retarded, is again 
indicative of pozzolanic reactions between the Ca(OH)2 provided by the hydrated PC 
and components in the LOC. It is also apparent that LOC samples initially modified 
with 2%Ca(OH)2 and subsequently stabilised with either GGBS or PC showed 
significantly higher UCS values after 52 weeks moist curing at 20"C compared to 
similar LOC-1.5%CaO samples (Figures 8.1.2-8.1.4). For example, the LOC-I. S%CaO- 
8%PC sample exhibited a UCS value of 1772 kN/M 2 after 52 weeks curing at 20"C, 
whereas a similar sample containing 2%Ca(OH)2 showed a value of 2315 kN/M2 . 
Similarly, samples containing 8%GGBS were significantly stronger when 2%Ca(OH)2 
was employed as a modifier compared to 1.5%CaO (1314 kN/m 2 and 987 kN/M2 
respectively). As established in Chapter 7, Section 7.2, although there is no significant 
difference in strength between compacted LOC-2%Ca(OH)2 and LOC-1.5%CaO 
samples, the density of the LOC-1.5%CaO is significantly lower than the LOC- 
2%Ca(OH)2 Mix (1.365 Mg/M3 compared to 1.39 Mg/m. 3 respectively). It is thought that 
the more dense LOC-2%Ca(OH)2 samples may prove stronger when stabilised and 
cured for long periods as the gel network may be more dense and better formed in the 
smaller pore matrix resulting in greater strength. 
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Summary 
9 The long term strength development (UCS) of mellowed (3 days at 200C), 
compacted LOC-2%Ca(OH)2 and 1.5%CaO samples cured at 51C, 10T and 201C 
for 1,4,12,24 and 52 weeks is insignificant because such small additions of lime 
show modification but little stabilisation as there is insufficient lime to produce 
significant amounts of cementing reaction products. 
9 Increasing additions of GGBS generally increase the strength development of 
mellowed, compacted and cured LOC-1.5%CaO mixes, especially at 201C. 
However additions of >6%GGBS produced little improvement in UCS values. Also 
after 12 weeks curing little further increases in strength were observed, especially at 
high curing temperatures. 
* Similarly increasing additions of PC generally increase the strength development of 
mellowed LOC-1.5%CaO mixes after curing, especially at 20'C. It is apparent that 
additions of PC exhibit greater strength development, especially after 12 weeks 
curing, than similar samples containing GGBS. As PC does not require an alkaline 
environment to hydrate (as GGBS does) then the amount of lime consumed during 
flocculation and mellowing is not significant. PC produces lime on hydration, which 
is known to react with pozzolanic material (i. e. clay minerals) to further enhance 
strength. 
e Increasing additions of GGBS and PC also generally increase the strength 
development of mellowed, LOC-2%Ca(OH)2 mixes after curing. When LOC was 
initially modified with 2%Ca(OH)2 rather than 1.5%CaO before stabilisation and 
compaction, UCS values were generally higher. This is probably a result of the 
differing densities produced during compaction when Ca(OH)2 and CaO are used as 
soil modifiers (see Section 7.2). 
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Although PC stabilised LOC modified with 2%Ca(OH)2 (or 1.5%CaO) develops greater 
strength than LOC stabilised with equivalent amounts of GGBS this does not 
necessarily guarantee lower expansion during soaking and enhanced durability. The 
following section therefore looks at the effects of soaking on the lime-modified LOC 
stabilised with differing additions of GGBS or PC. 
8.2 Linear Expansion 
Chapter 7 of the current work shows that the linear expansion of compacted LOC-lime 
samples was greatly reduced when a mellowing period (3 days at 20"C) was employed 
before final compaction. Also in Chapter 7 it was observed that the pattern of linear 
expansion of compacted samples of LOC modified with 2%Ca(OH)2 or 1.5%CaO was 
not affected by lime type. In the linear expansion test, 1.5%CaO was used to. modify the 
LOC during mellowing and before the addition of GGBS or PC and subsequent 
compaction, as it is CaO that is usually employed in GGBS/PC stabilised soils (Higgins 
and Kennedy, 1999). 
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8.2.1 LOC-1.5%CaO Stabilised with GGBS and PC 
Figure 8.2.1 (A-B) illustrates the linear expansion of mellowed (3 days at 20"C), 
compacted 1.5%CaO-modified LOC samples with additions of 4% and 8% GGBS or 
4% and 8% PC. Before soaking the samples were cured for 7 days. The soaking waters 
were aerated in order to maximise oxidation of the pyrites present in the LOC at 20"C 
and 5'C. 
Soaking resulted in the immediate expansion of all samples at 20*C, although unlike 
compacted LOC-Ca(OH)2 samples, the rate of expansion varied dramatically depending 
on the type and amount of added stabiliser (Figure 8.2.1 (A)). The samples containing 
GGBS expanded less than the samples containing similar amounts of PC, with the 
LOC-1.5%CaO-8%GGBS samples showing negligible expansion (<0.3%) throughout 
the test (140 days). After 40 days of testing, all stabilised samples showed good 
dimensional stability. 
A reduction in soaking temperature from 20'C to PC (Figure 8.2.1 (B)) resulted in 
increased linear expansion in all stabilised compacted samples with the largest increase 
in expansion occurring in the LOC-1.5%CaO-4%PC sample (an increase of 5.7% at 28 
days and 8% after 140 days). Unlike the test carried out at 200C, expansion was 
observed in all samples before the soaking water was added (that is, during the 7 days 
curing period) when the test was carried out at PC Again the samples containing 
GGBS expanded less than samples containing similar amounts of PC, with the LOC- 
1.5%CaO-8%GGBS sample again exhibiting the least expansion (2.4% maximum). 
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Swelling in lime-stabilised sulphate/sulphide bearing soils is common and is known to 
be associated with the formation of a colloidal product (a precursor to ettringite 
formation), which forms on the surfaces of clay particles during curing. When, in 
saturated conditions, ettringite grows and develops from this product, substantial 
amounts of water are imbibed and significant swelling occurs (Wild et al., 1993). 
However, the introduction of a stabilising agent such as PC or GGBS modifies the 
chemical make-up of the clay-lime system, therefore altering the type of reaction 
products and thus potentially altering any disruptions that the reaction products may 
cause. As stated in Section 8.1 unlike the pozzolanic reaction of lime with clay, which is 
very slow, GGBS hydration is much more rapid. This reaction is also known to 
consume lime. Therefore an explanation for the resistance to the swelling of GGBS- 
stabilised LOC is twofold. Firstly the strength of the compacted material after 7 days of 
curing is greatly enhanced with additions of GGBS due to the formation of various 
strength enhancing reaction products. It is thought that increased strength will confine, 
at least partially, any swelling caused by ettringite formation. Secondly, as GGBS 
hydration consumes lime, then the stock of available lime in the system, needed to form 
the deleterious ettringite will be depleted. Also the stability of ettringite is pH dependent 
and at pH <10.5 (Gaze and Crammond, 2000; Santhana et al. 2001) ettringite becomes 
unstable relative to gypsum. As the small amount of added lime (1.5%CaO) is 
essentially taken up in the process of modification, and also as it is known that during 
mellowing lime is consumed in the formation of ettringite and gypsum via the oxidation 
of pyrites (Chapter 7), it is thought that any small excess of available lime will be 
consumed in GGBS hydration. Therefore the GGBS reaction would become the 
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dominant reaction leaving little or no lime for the precipitation of ettringite (Tasong et 
al. 1999). 
The hydration of PC produces similar cementing products to those of the lime-clay 
pozzolanic reaction and GGBS hydration, but at a much faster rate. However, Figures 
8.1.2 and 8.1.3 show that the strength development of LOC-1.5%CaO-PC and LOC- 
1.5%CaO-GGBS samples, cured for I week at 20'C are very similar (especially with 
additions of 2% and 4% stabiliser), indicating that strength and therefore confining 
pressure would be similar in both PC and GGBS systems prior to soaking. As PC does 
not consume but produces Ca(OH)2 on hydration, it is thought that the increased 
swelling seen in PC-stabiliscd samples is a result of ettringite formation due to the more 
freely available lime and a higher pH in the system. 
A reduction in soaking temperature from 20'C to PC results in increased expansion in 
all samples, though again the GGBS stabilised samples showed much greater 
dimensional stability. The strength development of all stabilised samples is similar prior 
to soaking. Therefore again, the differences in expansion between PC stabilised and 
GGBS stabilised LOC must be due to chemical reactions in the system (Figure 8.1.2 
and 8.1.3). The hydration reactions described above take place at a much-reduced rate at 
50C as lower temperatures retard both PC hydration and GGBS hydration (Section 8.1). 
Also, at low temperatures it is known that Ca(OH)2 is more soluble than at higher 
temperatures. It is possible that this enhanced solubility, together with retarded stabiliser 
hydration at lower temperatures (and hence reduced lime consumption in the case of 
GGBS hydration), would result in more freely available lime and hence higher pH 
during the 7-days curing period at PC, resulting in enhanced fonnation of expansive 
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products both during the curing period (Figure 8.2.1 (B)) and in the presence of excess 
water on soaking. The situation is also further complicated by the fact that low 
temperatures favour the formation of thaumasite rather than ettringite, which destroys 
the cementing C-S-H gel phase. 
It is clear that an addition of 8%GGBS to the mellowed LOC-1.5%CaO mix results in 
excellent dimensional stability when soaked in aerated water at both PC and 20T 
compared to unstabilised samples (Section 7.4), and displays consistently less 
expansion than similar samples containing 8%PC. In order to assess the expansion 
characteristics of LOC-15%CaO-8%GGBS further, linear expansion measurements over 
a range of soaking enviromnents were carried out. The results are displayed in Section 
8.2.2. 
8.2.2 Linear expansion of LOC-1.5%CaO-8%GGBS. 
Figure 8.2.2 shows the linear expansion of unmellowed LOC-1.5%CaO-8%GGBS in 4 
separated soaking environments 1) a static soaking environment at 20*C; 2) in an 
aerated soaking environment at 20"C; 3) in an aerated soaking environment after 
mellowing (3 days at 201C) at 20T, and 4) in an aerated soaking environment after 
mellowing (3 days at 20"C) at 5*C. Before soaking the samples were cured for 7 days at 
their relevant soaking temperatures respectively (20"C or 5Q. 
It is clear that regardless of soaking enviromnent, the linear expansion of LOC- 
1.5%CaO sample containing 8%GGBS was very small when soaked at 200C (<0.5%) 
(Figure 8.2.2). However, it is apparent that the least expansion occurred after mellowing 
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had taken place prior to compaction. As explained previously, mellowing not only 
consumes lime but also results in the oxidation of pyrites to form gypsum, which in turn 
is known to reduce the pH of the system. Sulphate also enhances GGBS hydration. 
Therefore, the reduced pH and the increased GGBS hydration results in increased 
stability. 
Summary 
9 An addition of a stabiliser (i. e. 4% and 8% GGBS, or 4% and 8%PQ results in 
significantly reduced linear expansion in mellowed LOC-1.5%CaO samples after 
compaction, curing (7 days) and soaking in aerated water at 200C. 
* Samples containing GGBS show consistently lower expansion than samples 
containing PC when soaked in aerated water at 20"C, with the LOC-1.5%CaO - 
S%GGBS mellowed sample expanding <0.3%. It is thought that as both systems 
show very similar UCS strength after lweeks curing (Section 8.1), the enhanced 
stability shown by the GGBS samples is a result of the GGBS hydration process, 
which consumes lime and reduces the pH leaving little or no lime for the 
precipitation of deleterious ettringite. Also the formation of gypsum via pyrites 
oxidation during mellowing would accelerate the GGBS hydration process. 
9A reduction in curing and soaking temperature from 200C to PC results in increased 
expansion in all samples. It is known that Ca(OH)2 is more soluble at lower 
temperatures. This enhanced solubility, together with retarded stabiliser hydration at 
low temperatures (and hence reduced lime consumption in the case of GGBS 
hydration), is thought to result in more freely available lime and therefore increased 
expansive ettringite formation. It should be noted that at 5*C thaurnasite is also 
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likely to form, which will break down the C-S-H gel subsequently causing strength 
loss. 
* Expansion is very small when LOC-1.5%CaO-8%GGBS samples are soaked in 
either a static environment at 20*C; in an aerated environment at 20"C, or in an 
aerated environment after mellowing at 20'C (<0.5%). However it is apparent that 
the least expansion is found when a mellowing period is employed prior to 
compaction, as mellowing not only consumes lime, but also produces gypsum via 
pyrites oxidation, which is known to encourage GGBS hydration. Therefore, the 
system will be depleted of lime and have reduced pH, resulting in even less 
potentially damaging ettringite formation. 
After examining the strength (UCS) development and linear expansion characteristics of 
lime-modified LOC stabilised with various additions of GGBS or PC, the next section 
deals with both strength and soaking combined in durability tests outlined in Chapter 6. 
8.3 Durability Index (DI) 
8.3.1 Unmellowed Samples Tested at 20"C 
Figure 8.3.1 (A) illustrates the durability indices (DI) of umnellowed, LOC-1.5%CaO 
with increasing additions of GGBS or PC (2%, 4%, 6% and 8%) cured for 3 weeks and 
soaked for I week at 201C. Figure 8.3.1 (B) illustrates the DI of umnellowed LOC- 
2%Ca(OH)2 with additions of GGBS or PC (4% and 8%) cured for 3 weeks and soaked 
for I week at 20*C for comparison. 
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As expected, the addition of either GGBS or PC to the 1.5%CaO-modified LOC 
improved the durability of the material (Figure 8.3.1 (A)). However, the performance of 
the GGBS stabilised LOC was substantially better than the PC stabilised LOC. 
Increasing additions of GGBS resulted in increased durability, with the best DI value 
exhibited by the LOC-1.5%CaO-S%GGBS sample (73%). Increasing additions of PC 
however, did not result in a systematic increase in durability. Instead the DI values of all 
samples containing PC showed similar durability characteristics (between 35% and 44% 
DI value). The same trend was apparent when Ca(OH)2 modified LOC was employed 
where again increasing additions of GGBS resulted in increased durability, with the 
highest DI value represented by the LOC-2%Ca(OH)2-8%GGBS sample (92%) (Figure 
8.3.1 (B)). By contrast, increasing additions of PC showed consistently lower durability 
compared with similar additions of GGBS. In all cases, an addition of GGBS proved 
more effective in increasing the DI value than similar additions of PC. 
The consistent increase in DI in the LOC-1.5%CaO samples with increasing GGBS 
content is thought to be due to the GGBS hydration process during the curing period (3 
weeks), which is known to -consume lime thus reducing the pH leaving little or no 
calcium for the formation of deleterious ettringite. As PC hydration produces lime 
rather than consumes it, there is a greater possibility of deterioration in PC-stabilised 
soils due to deleterious ettringite fonnation on soaking. It is possible that although the 
potential for deterioration due to ettringite fonnation is greater at high PC additions (due 
to the increased lime content), the levels of confining strength provided by the C-S-H 
gels and C-A-H phases are sufficient to minimise durability loss. Samples initially 
modified with 2%Ca(OH)2 rather than 1.5%CaO prior to stabiliser addition and 
compaction showed consistently higher DI values though the changes were minimal 
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when PC was used as the stabiliser. It is thought that the differing densities exhibited by 
the LOC-2%Ca(OH)2 and LOC-1.5%CaO mixes (where slightly higher densities were 
apparent in the LOC-2%Ca(OH)2 MiX (Section 7.2)) may produce a differing 
framework around which the cementing hydration reaction products form, thus resulting 
in differing durabilities. 
8.3.2 Mellowed Samples Tested at 20*C 
Figure 8.3.2 (A) illustrates the durability indices (DI) of mellowed (3 days at 20'C), 
LOC-1.5%CaO with increasing additions of GGBS or PC (2%, 4%, 6% and 8%) cured 
for 3 weeks and soaked for 1 week at 200C. Figure 8.3.2 (B) illustrates the DI of 
mellowed LOC-2%Ca(OH)2 with increasing additions of GGBS or PC (4% and 8%) 
cured for 3 weeks and soaked for I week at 20*C for comparative purposes. 
It is evident from comparison of Figure 8.3.1. (A) with Figure 8.3.2 (A) and of Figure 
8.3.1 (B) with Figure 8.3.2 (B) that mellowing has a favourable impact upon durability. 
Mellowing of GGBS-stabilised LOC-l. 5CaO samples generally resulted in increased 
durability values (Figure 8.3.2 (A)). Mellowing improved the DI value of the LOC- 
1.5%CaO with increasing additions of GGBS up to an addition of 6%GGBS (DI value 
of 95%), thereafter a small decline occurred. Mellowing had less of an influence on the 
GGBS stabilised LOC-2%Ca(OH)2 material although durability values were still very 
high. In contrast mellowing had a substantial influence on PC stabilised material that 
produced values similar to those of the GGBS stabilised material. For example, 
mellowing increased the durability of PC stabilised LOC-2%Ca(OH)2 Samples by as 
much as 35% after an addition of 8%PC (Figure 8.3.2 (B)). However, for the CaO 
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modified LOC the durability values of the GGBS-stabilised LOC were still superior to 
those of the PC-stabilised LOC at high stabiliser levels (6% and 8%). 
Section 8.2 shows clearly that on soaking, lime-modified LOC samples stabilised with 
GGBS expand much less than those stabilised with PC. As the durability index test is 
effectively a measure of the loss in strength due to soaking (i. e. the ratio of the 21 days 
moist cured and 7 days soaked strength (kN/M2) to the 28 days moist cured strength 
(kN/M2)), then the fact that PC-stabilised specimens expand more on soaking than do 
GGBS-stabilised specimens would result, as it does, in a greater strength loss due to 
soaking for these samples. 
8.3.3 Unmellowed Samples Tested at 5"C 
Figure 8.3.3 (A) illustrates the durability indices (DI) of unmellowed, LOC-1.5%CaO 
with increasing additions of GGBS or PC (2%, 4%, 6% and 8%) cured for 3 weeks and 
soaked for I week at PC Figure 8.3.3 (B) illustrates the DI of umnellowed LOC- 
2%Ca(OH)2 with increasing additions of GGBS or PC (4% and 8%). 
A reduction in curing and soaking temperature from 20"C to PC generally resulted in 
reduced DI values for samples containing small additions of stabiliser (i. e. 2%GGBS or 
PC) in the LOC-1.5%CaO samples (Figure 8.3.3 (A)). However durability remained 
largely unchanged when greater amounts of GGBS or PC were added, with the largest 
DI value again being exhibited by the LOC-1.5%CaO-8%GGBS sample (69%). 
Durabilities of stabilised LOC-2%Ca(OH)2 samples were also reduced when the 
temperature was lowered to 5"C by a DI value of at least 15% in PC stabilised samples, 
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and by a DI value of at least 35% in GGBS stabilised samples. Again at PC GGBS 
stabilised samples consistently showed better durability than samples with similar 
additions of pC, with the LOC-lime-8%GGBS sample achieving the highest DI value. 
As described in Section 8.1, strength-giving reactions take place at a much-reduced rate 
at 5"C, and smaller additions of stabiliser were found to be insufficient to confine 
expansion, resulting in reduced DI values. There is a large difference in DI values when 
the LOC is modified with 2%Ca(OH)2 rather than 1.5%CaO which again must be a 
result of differing densities as observed in Section 7.2, as the denser, less porous, 
stabilised LOC-2%Ca(OH)2 samples showed significantly reduced durability (in fact, 
the 2%Ca(OH)2 modified LOC sample collapsed whereas the LOC-1.5%CaO sample 
showed a DI of 12%). 
8.3.4 Mellowed Samples Tested at 50C 
Figure 8.3.4 (A) illustrates the durability indices (DI) of mellowed, LOC-1.5%CaO with 
increasing additions of GGBS or PC (2%, 4%, 6% and 8%) cured for 3 weeks and 
soaked for 1 week at 5T. Similarly, Figure 8.3.4 (B) illustrates the DI of mellowed 
LOC-2%Ca(OH)2 with increasing additions of GGBS or PC (4% and 8%). 
Mellowing of 1.5%CaO-modified LOC-GGBS stabilised samples resulted in increased 
DI values at high GGBS additions (i. e. 6% and 8% GGBS), though samples containing 
<6%GGBS show reduced durability at PC, probably due to slower hydration and 
therefore reduced strength (Figure 8.3.4 (A)). However the opposite occurred in samples 
stabilised by PC where an average reduction of 21.5% DI value was observed after 
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mellowing. Again the LOC-1.5%CaO-8%GGBS sample proved to be most durable as it 
had a DI value of 100%, indicating that the sample had lost no strength after soaking 
compared to a similar sample that had been cured for 4 weeks without soaking. 
Mellowing of 2%Ca(OH)2-modified LOC stabilised with PC improved the durability by 
an average increase in DI value of 14% (Figure 8.3.4 (B)). An increase in durability 
after mellowing was also recorded when 8%GGBS was used to stabilise the LOC- 
2%Ca(OH)2 MiX (20% DI value), however an addition of only 4%GGBS resulted in a 
loss of durability (12% DI value). 
The obvious reduction in durability index values when curing and soaking is carried out 
at PC is primarily a result of reduced strength development due to retarded GGBS and 
PC hydration, as shown in Section 8.1, but also as a consequence of the fonnation of 
deleterious reaction products such as ettringite or (more probably at this low 
temperature) thaumasite. 
Summary 
* The addition of either GGBS or PC improves the durability of LOC-1.5%CaO and 
LOC-2%Ca(OH)2 samples, regardless of mellowing and curing time. Throughout 
the tests, samples containing GGBS showed greater DI values than samples 
containing PC, especially at high stabiliser contents. 
e After curing and soaking at 20T the lime-modified, GGBS-stabilised samples 
showed better DI values than similar samples containing PC as the GGBS hydration 
process consumes lime, which is needed in the formation of deleterious ettringite 
formation in the presence of water, and reduces pH whereas PC hydration produces 
lime and enhances pH. 
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*A period of mellowing (3 days at 200C) increases the durability indices in all 
samples tested at 20*C. This is considered to be a result of the reduced available 
lime and gypsum levels as both are consumed in pre-compaction reactions prior to 
curing and soaking. Again large additions of GGBS to the lime-modified LOC show 
greater DI values than similar additions of PC. 
oA reduction in curing and soaking temperature from 20*C to 511C results in reduced 
DI values at low stabiliser additions, but durability is either unchanged or reduced 
with greater additions. Again, additions of more than 2%GGBS to the lime-modified 
LOC showed better durability than samples containing additions of PC. 
e The introduction of a mellowing period prior to compaction, curing and soaking at 
51C significantly reduced the durability values of 1.5%CaO modified LOC 
stabilised with PC. It is thought that the increased gypsum content as a consequence 
of mellowing, coupled with the available lime (which is known to be more soluble 
at lower temperatures) would combine to form deleterious products, such as 
thaumasite, in the presence of excess water. Samples containing >6%GGBS show 
improved durability after mellowing, though the opposite is apparent with smaller 
additions. 
* Throughout the tests, samples modified by 1.5%CaO exhibited differing DI values 
than similar samples modified by 2%Ca(OH)2, It is apparent that at 201C DI values 
of samples were higher when 2%Ca(OH)2 was utilised as the modifying agent. 
However, after a period of mellowing DI values were greater when 1.5%CaO was 
employed. It is possible that the differing densities of the two mixed materials, 
especially after curing (Section 7-2), may produce a differing framework around 
which the various hydration reaction products fonn resulting in varied durability 
values. 
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* The most significant observation from the durability study is that for GGBS 
stabilised LOC at stabiliser contents of either 6% or 8% the durability index is 
consistently greater than equivalent PC stabilised LOC regardless of temperature 
(20"C or 5"C), lime type (CaO or Ca(OH)2) or preconditioning (mellowed or 
unmellowed). 
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Figure 8.1.1 Unconfined compressive strength (UCS) vs. curing time (weeks) for 
mellowed (3 days at 200C) (A) LOC-2%Ca(OH)2 and (B) LOC-1.5%CaO samples, 
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Figure 8.1.2 Unconfined compressive strength (UCS) vs. curing time (weeks) after 
curing at 5'C, I O'C and 20'C for mellowed (3 days at 20'Q LOC-1.5%CaO samples 
with additions of 
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Figure 8.1.4 Unconfined cornpressive strength (UCS) vs. curing tirne (weeks) after 
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Figure 8.3.1 Durability indices (%) of (A) unmellowed, LOC-1.5%CaO and (B) 
unmellowed LOC-2%Ca(OH)2 samples with increasing additions of GGBS and PC at 
20'C. 
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Figure 8.3.2 Durability indices (%) of (A) mellowed (3 days at 201Q, I, OC-1.5%CaO 
and (B) mellowed (3 days at 20'C) LOC-2%Ca(OH)2 samples with increasing 
additions of GGBS and PC at 20'C. 
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Figure 8.3.3 Durability indices (%) of (A) unmellowed, I-OC-1.5%CaO and (B) 
unmellowed LOC-2%Ca(OH)2 samples with increasing additions of GGBS and PC at 
5'C. 
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Figure 8.3.4 Durability indices (%) of (A) mellowed (3 days at 200C), LOC-1.5%CaO 
and (B) mellowed (3 days at 20'C) LOC-2%Ca(OH)2 samples with increasing 
additions of GGBS and PC at 50C. 
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9 Discussion 
The discussion is divided into 3 broad sections. The first section deals with the 
processes and mechanisms occurring when lime is added to the Lower 0, ýIord Clay, 
highlighting the dýfferences between lime-modýfied and lime -stah ilised LOC. The 
second section deals with the processes and mechanisms involved when the lime- 
modýfied LOC is stabilised with either GGBS or PC Finally, the third section explores 
the mqjor practical implications ofthe current work 
9.1 LOC-Lime System 
The effect of lime on the clay fraction of a clay soil is almost immediate with 
flocculation and cation exchange reactions taking place, resulting in changes to both the 
plastic fin-ut (PL) and the liquid limit (1, L) of soils coupled with an apparent drying 
effect (Cobbe, 1988). Small additions of lime (either 2%Ca(011)2 or 1.5%CaO) 
increased the liquid limit, plastic limit and plasticity index (PI) of' the Lower Oxford 
Clay (LOC) due to flocculation as a result ofcation exchange between the lime and the 
clay minerals (kaolinite, illite and chlorite) present in the LOC (Figure 7.1.1-2). It was 
apparent that consistency limits are greater when CaO was used compared to Ca(0102. 
it Is thought that the strong exothermic reaction that accompanies CaO hydration 
produces a slightly strongcr, more robust flocculated material matrix capable ot'holding 
a greater volume 01'1110IStUre. 
increasing additions ot'lime (6%Ca(OH)2 or 4.5%CaO) Further increased the PI, and LL 
of the LOC due to increased flocculation. However additions of lime in excess of 
6%Ca(011)2 or 4.5%CaO resulted in a slight cleclIne In consistency iii-nits. Ijilt and 
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Davidson (1960) postulated that at some percentage of IH-ne additive saturation of tile 
calcium ions that can adsorb onto the clay particles occurs and Further increases in litne 
addition result only in supplying to the soil an excess of calcium, which is not effect'vC 
in flocculation. If the calcium that increases the plastic limit is so fixed in the soil, then 
the percentage of lime present at the point where the plastic limit reaches Its inaxiIIII-IM 
will reliably indicate the percentage of lime fixation in the soil. Therelore, It IS UIOLIght 
that the lime fixation point of LOC is 6%Ca(OH)2 or 4.5%CaO as no Further increase in 
PL occurs with further lime additions. 
Mellowing (3 days at 20"C) of the LOC-2%Ca(011)2 mix had little eflect oii 
consistency limits probably because the small amount of added linie would have 
quickly reacted with the LOC on mixing. However, mellowing of the LOC-1.5%CaO 
mix prior to testing resulted in increased LL and PL. It is thought that these differences 
are due to the stronger flocculated material matrix of the LOC-1.5%CaO rnix due to 
increased flocculation during mellowing as a result of increased reactivity, attributed to 
the strong exothermic hydration reaction. Mellowing (3 days at 20'C) of LOC with 
increasing additions of lime resulted in increased LL and Pl- as it is thought that the 
extra reaction time afforded to the extra lime and clay mixture leads to increased 
flocculation (up to an addition of 6%Ca(014)2-4.5%CaO) and therefore an increased 
ability to hold moisture. 
It is generally accepted that the addition of lime to all clays increases the optimum 
moisture content (OMC) and reduces the maximurn dry density (MDD), tor the sarne 
compactive effort, again due to flocculation caused by cation exchange between lime 
and clay particles. Small additions of lime (2%Ca(01-1)2 or 1.5%CaO) to the LOC 
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resulted in increased OMC and decreased MDD values, with the LOC-1.5%Cao mix 
showing slightly higher OMC and lower MDD values than 1)2 mixes 
(Figures 7.2.3-4). Similar to the Atterberg limits, it is thought that the strong exothermic 
reaction accompanying CaO hydration caused increased flocculation (in comparison to 
the LOC-2%Ca(OH)2 material) and possibly moisture loss due to evaporation on 
mixing. Therefore, the material was found to be comparatively drier and, as explained 
above, possessed a more rigid material matrix, thus explaining the slightly higher OMC 
and lower MDD values. Bell and Coulthard (1990) maintained that tile more Inne added 
to a soil, then the lower the MDD and the higher the OMC. I leiice, similar to tile 
Atterberg limits, increases of lime up to 6%Ca(OH)2 or 4.5%CaO to the LOC resulted in 
further increases and decreases in ONIC and MDD respectively, whereas lime additions 
in excess of lime fixation exhibited either no change or an inverse in the compaction 
value trend. This, coupled with the Atterberg limits data, strongly indicates that an 
addition of lime to the LOC in excess of the "lime fixation" point (i. e. 6%Ca(011)2 or 
4.5%CaO) results only in supplying to the soil an excess of calcium. 
Mellowing (3 days at 20'C) of lime-modified LOC mixtures prior to testing further 
lowered MDD and increased OMC due to increased flocculation. However, there is 
little difference when mellowing was carried out for 6 hours or 3 days as the relatively 
small arnount of added lime (2%Ca(OH)2 or 1.5%CaO) is consumed almost 
immediately on mixing. Also, the changes in OMC and MDD after mellowing in lime- 
modified LOC are greater when mellowing takes place at I O'C compared to mellowing 
at 20'C. It has been suggested that cernentitious products and, in the presence of 
sulphate, ettringite forms Immediately on mixing lime with clay soil (Croft, 1964-, Lees 
et al. 1982, Kinuthia, 1997). As these reactions are known to occur at an accelerated rate 
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at higher temperatures (Arabi and Wild, 1989) and are also thought to reduce tile 
cornpactibility of lime treated soils (Lees et al., 1982) It is suggested that it slightly 
higher mellowing temperature encourages tile formation of reaction products In tile 
lime-i-nodified LOC, explaining the slightly increased density MDD and reduced OMC 
values relative to samples mellowed at lower temperatures. 
Mellowing (either 6 hours or 3 days at 20'C) of LOC with increasing additions of' 
Ca(01-02 and CaO resulted in further reduced MDD and increased OMC LIP to a lime 
addition of 6%Ca(OH)2 or 3-4.5%CaO, with increased mellowing time resulting in 
greater changes in compaction values. Mitchell and Hooper (1961) demonstrated that a 
pronounced decrease in density occurs with increasing time intervals between mixing 
and compaction, so that MDD occurs at a somewhat higher OMC, suggesting that the 
main factor responsible t'or this behaviour is the flocculation of the soil structure, which 
increases with time ofexposure ofthe soil to water and lime. Also, Bell and Coulthard 
(1990) suggested that it' a soil-lime mixture remains Lincompacted, it undergoes 
carbonation with the cemented particles then behaving like sand grains, making 
subsequent compaction more difficult, and as a consequence, reducing the pH of the 
mix (an important ICature with respect to the relative stability of reaction products such 
as gypsum and ettringite). However, lime addition in excess of tile lime fixation point of 
the LOC resulted in either no further change or in sorne cases a reversal of the 
established trends. As mentioned above, excess lime only results III SL1PP1Y111g to the SOIl 
an excess ofcalcium. Therefore it is thought the excess lime inhabits the inter-particle 
spaces, resulting In better packing and a reversal of the expected and established trends. 
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After compaction of lime-modified LOC in 100rnrnx50ýnini cylindcr moulds (with or 
without an initial mellowing period of 3 days at 20'C), and subsequent curing 1'()r I or 4 
weeks at 5'C, I O'C or 20'C, it is clear that higher strengths were achieved aller longer 
curing periods at higher temperatures (Figure 7.3.1). As reported earlier (Chaptcr 3, 
Section 3.6.3) the amount of strength increase in a soil that can be produced by adding 
lime is dependent on several factors including pozzolanic content ofthe soil, percentage 
lirne addition and curing time and temperature (Arabi and Wild, 1989; lIcIl and 
Coulthard, 1990; Sherwood, 1993). However, the trends with respect to mellowing, 
curing time and temperature observed in the lime-modified LOC were non-linear and 
difficult to interpret. It is thought that the small amount of added lime, although suitable 
for modification, was insufficient to produce significant amounts of cernenting products 
(Bell, 1998). Also in the absence of significant cementation, small variations in 
moisture content would have a disproportionate effect on strength. 
Increasing additions of Ca(01-1)2 to the LOC resulted in increased strength after 
extended curing periods at higher temperatures due to increased pozzolanic reactions 
between the lime and the clay fraction. It is generally recognised (Diamond et al., 1964; 
Brandl, 1981; Lees et al. 1982; Bell and Coulthard, 1990) that the principal 
cementitious product of pozzolanic reactions is calcium silicate hydrate (C-S-H) gel and 
that strength development of clay-lime material may be attributed to either (a) the 
gradual crystallisation of this gel (Bell, 1988), or (b) to its continued formation with no 
crystalline structure, blocking pores and providing strength as it develops (Wild et al., 
1989). In addition, small amounts of calcium aluminate hydrate phases (such as CIA116) 
and calcium silicate alurninate hydrate phases (such as CASH8) may form especially in 
high alumina clays containing kaolinite (Arabi and Wild, 1989), and when (as in the 
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current work) sulphates are present these aluminate phases are replaced by 
sulphoaluminate phases (principally ettringite) which also contribute to strcngth 
development. Wild and co-workers (1989) postulated that when very limited pozzolanic 
activity was occurring (e. g. when curing is at low temperatures) there is nisiffficicilt gel 
formed to reduce the void space between particles, resulting in increased permeability 
with curing time. This fact, in coqjunction with reports from othcr workers (Bell and 
Coulthard, 1990; Sherwood, 1993; Waswa et al., 1993) that reduced curing 
temperatures retard and may even terminate pozzolanic reactions, explains the reduced 
UCS values attained by samples cured at lower temperatures. 
After I weeks curing the samples containing >2%Ca(011)2 Which had undergone a 
pcriod ofmcilowing (3 days at 201C) prior to compaction showed consistently higher 
strengths compared to similar unmellowed samples (Figure 73.2 (A-D)). However, 
when similar samples were cured for 4 weeks, the uni-nellowed samples were generally 
stronger (Figure 7.3.3 (A-D)). As mentioned above mellowing increased Attcrberg 
limits and increased OMC and decreased MDD of LOC with various additions of lime 
due to increased flocculation and the formation of reaction products including ettringite. 
Although cttringite is known to contribute to the early strength development of Portland 
cenicrit (PC) (Neville, 1995) mortars and is the principal strength-giving phase in super- 
sulphated cernent (SSC) (Stark and Frohburg, date), it also produces expansion. After I 
weeks curing, ettringite forms in both mellowed and UnITICIlowed LOC-lime samples. 
However, as ettringite is i1ormed during mellowing not only is the system subsequently 
depleted in sulphate and calciurn, but also reduced expansion is experienced during the 
early Curing period after compaction. In unniellowed samples ettringite forms during 
curing after compaction and as a consequence reduces early strength due to greater 
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expansion. Because early reactions depleted the mellowed samples of calcium during 
the mellowing period and contributed little to early strength there is less calCIL1111 
available to participate in strength enhancement at extended curing pcriods (4 weeks). 
The opposite apparent in Linmellowed samples as there Is sufficient calclurn avallahle to 
further enhance strength. 
Soaking of either mellowed or unmellowed, Ili-ne-modified LOC samples (containing 
2%Ca(01-1)2 or 1.5%CaO) after 1weeks curing at either 20'C or 5'C resulted in 
immediate linear expansion, with figures 7.4.1-2 clearly showing that Inne type had no 
hearing on expansion trends. Similarly, compacted firne-stabilised LOC samples 
(containing 4%, 6% and 8% Ca(OH)2) expanded immediately on soaking, with the 
samples containing larger amounts of lime generally showing the greatest expansion 
(Figures 7.4.5-8 (A)). In all tests expansion was found to be consistently less in 
mellowed samples compared to uni-nellowed samples, and far greater at lower 
temperatures (5'C). Wild et al. (1993) postulated that swelling in lime-stabilised 
kaolinite specimens with added sulphate, is a result of' the lorniation of a colloidal 
product (a precursor to ettringite t1ormation), which florins on the surfaces of clay 
particles during curing. It' this colloidal product continues to prccipitate in an 
Unsaturated environment, then ettringite will be stable and will not swell even it' 
subsequently soaked. However in saturated conclitions ifettringitc grows and develops 
frorn this product substantial amounts of water are Imbibed and significant swelling 
Occurs. As mentioned above, and confirmed by current observations ettringite develops 
during tile inellowing period LOC (Section 7.3). Therefore the system is depleted in 
both calcium and sulphate inhibiting the formation of' ettringite in the saturated 
environment and thus reducing expansion, which itself degrades strength. Furthermore, 
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as mellowed LOC-lime mixes are less dense than unniellowed Inixes (Section 7.2) then 
It IS thOLIght that if expansive ettringite forms then swelling can be partially 
accommodated due to the wider, more open pore structure. 
The formation of expansive products (and thus linear expansion) in the presence of' 
moisture in the Iii-ne-stabilised LOC is further complicated by the oxidation of' pyrites 
(FeS2) in LOC, which, according to Russell and Parker (1979), is known to produce 
gypsum (CaS04.2H20). In fact, the precipitation of gypsurn itself is known to cause 
significant heave in calcareous pyritic mudstones. It is thought that access of the 
weathering agents (i. e. oxygen and water) alter the pyrites to iron SUlphates and 
sulphuric acid, which in turn attack other minerals present, particularly calcite. With the 
altered chemistry of the pore fluids crystallisation takes place, commencing with the 
growth of thin calcium sulphate crystals in naturally weak zones, such as large pores 
(Hawkins and Pinches, 1987). 
This work has shown that the addition of lime (between 2% and 8%C'a(01-1)2) to tile 
I. OC incrcased the S03 content from 0-88-0-91%SO3 to 1.53-2.32%SO3, after 
compaction and 7 days curing at 20'C (Section 7.4-2). This is clearly a result ofpyrites 
Oxidation (which is enhanced in an alkaline environment) producing stilphates such as 
gypsurn. As soaking time is increased so therefore (in the presence of' oxygen) is 
oxidation and 
S03 Content- Hawkins and Pinches (1987) reported that sulphate tests 
(Lising BS 1377: 1975) on a pyrites rich mudstone which was exposed to the atmosphere 
indicated a three to four fold increase in total sulphate valLies over 74 days which 
occurred in a linear manner. Similarly, Snedker (1996), rcporting on the heavc obscrved 
in finic-stabilised pavements at the Banbury IV Contract, Bucks, UK, showed (using 
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XRD data) that stabilised areas displaying little heavc had high pyrite lcvels (4.7-6.6"/o) 
and low gypsum (0%) and ettringite (2.2-3.0%) levcls, wlicreas arcas showing 
significant heave showed a complete lack ot'pyrites but gypsum and ettringite contents 
of 0.2- 1.1% and 16.5-20.2% respectively. 
After 14 days soaking S03 contents in all LOC-lime samples had increased, with the 
samples containing the greater lime additions exhibiting greatest increases. However, 
continued soaking (105 days) resulted in marked reductions in sulphate levels when the 
soaking waters were aerated (Figures 7.4.4 and 7.4.9). It is suggested that the aeration 
process, originally intended to oxidise the FeS2 in the LOC, introduced a C011tilILIOLIS 
SUPPlY 01' C02 into the soaking waters, which carbonated lime that had not yet reacted 
with other components in the LOC. Carbonation of lime is common but not desirable as 
it leads to a decrease in availability of calcium ions and a redLICtIO1I in p1l value, and it 
is this process that uItImately reduced the pH of the soaking waters (Figure 7.4.6-7.4.7) 
Continued carbonation of the available lime reduced the pH of the system below the 
point where ettringite is stable (between 10.5 and 11 .5 pH) (Gaze and Craini-riond, 2000; 
Santhanarn et al. 2001), eventually resulting in ettringite carbonation and 
decomposition, primarily to calcite (CaC03), thus explaining the redLICtIOII in pl I of the 
aerated soaking waters, compared to the relatively consistent pil values of the 
stat 1 c/non -aerated soaking waters (Figure 7.4.5). Nishikawa et al. (1992) proposed a 
mechanism by which caringite carbonation occurs when ettringite is in contact with 
water which contains carbonated ions and shows a low pl 1. Calcium and sulphate ions 
immediately dissolve in the water leaving the ettringite crystals coated In alumina gel. 
The dissolved ions released into the liquid are consumed to form calclum carbonate and 
calclurn sulphate. The proposed reaction is: 
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3C'aO. AI2()3.3CaSO4.26H20 + 3CO2 + 3H20 --> 
2AI(OH)3 + 6Ca 2+ + 31IC03- + 3ýSO4 -> 3CaSO4.2H20 + 3CaC03 v 2AI(()1-1)3 + 2411,0 
(AI(OfI)3 = alumina gel; CaC03 = calcium carbonate ; CaS04.21120 - gYPMIIII-) 
A 1-ine, white salt was observed both on the exterior ol'the cylindrical sample and oil the 
sides of the confining plastic cell in specimens subjected to aerated water in the current 
work aftcr long soaking periods. 'mis is almost certainly a mixture of calcite and 
gypsum, indicated by the above reaction. This explains the greatly reduced S03 contents 
of LOC-lime samples soaked for 105 days and the finalin pH value of 7- the pli ofa 
solution containing gypsum (1,, igure 5.1). Figure 9.1 (A-D) explains the changes in pl I 
level and S03 content clue to carbonation of the unniellowed I, OC-8%('a(011)2 sample 
soaked in aerated water. 
The reduced S03 content of' niellowcd LOC-lime material, compared to uni-nellowcd 
material, after 105 days soaking, are again thought to be a consequence of differing 
densities and porosities. It IS Suggested that leaching of the various ions from the sample 
(due to ettringite decomposition) was more effiective in the more porous mellowed 
samples, resulting in less detectable S03 after 105 days soaking. Also, the different p1l 
characteristics exhibited by the mellowed LOC-samples where plI slowly rose to 12.5 
(niaximum) after 35 days and fell rapidly to 7.5 after 56 days, compared to a 
comparably sharp rise in p1l (to 12 after 21 days - maximum) and then a constant 
decline to pl-I 7 (after 56 days) in uninellowed samples is a rcsult oftlic amount ol' fi-ce 
linic in the compacted samples. Unniellowed samples contain lime that has not beell 
consurned, during mellowing, in extended flocculation and ettringite formation and 
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therefore exhibited a much higher pH level on soaking. The mellowed samples however 
are depleted in available lime (especially at low lime additions) and therefore when 
soaked, showed lower pH values compared to unmellowed samples. Also, as stated 
earlier, a period of delay between mixing and compaction (i. e. mellowing) results in 
carbonation and consequently reduced pH levels compared to unmellowed samples. 
Similar to the UCS results, the durability indices showed that, at low lime contents, 
strength loss is greater at PC than at 20"C (Figure 7.5.1 - Figure 8.3.1-4). Also, at 20*C 
there is little difference between the DI values of samples containing 2%Ca(OH)2 or 
1.5%CaO, although at PC the LOC-2%Ca(OH)2 sample showed a complete lack of 
cementitious bonding whereas the LOC-1.5%CaO showed strength losses of only 88% 
in the unmellowed sample. However with such a small initial addition of lime there is 
little cementation, strength development is negligible and moisture content has a 
disproportionate influence on strength, and therefore it is difficult to interpret specific 
individual results. 
Further additions of lime (4%, 6% and 8%Ca(OH)2) resulted in an overall reduction in 
DI values, compared to the LOC-2%Ca(OH)2 sample, at both 20"C and PC (Figure 
7.5.1). As on soaking LOC-lime samples show higher expansion with higher lime 
levels, due to the formation of deleterious phases such as ettringite, it is unsurprising 
that substantial strength loss occurred on soaking resulting in loss of durability. From 
Atterberg (consistency) limits and Proctor compaction data it is thought that an addition 
of greater than 6%Ca(OH)2 to the LOC results only in supplying an excess of lime to 
the system. The excess lime in still apparent on the DTG traces after 4 weeks curing 
(Figure 7.6.7 and 7.6.11). Hence there is little difference in expansion between additions 
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of 6% and 8% lime (Figure 7.4.5-7.4.7). Mellowing resulted in slightly better DI values 
as both lime and sulphate are consumed, depleting the systems of the necessary 
ingredients in ettringite formation. Similar to UCS development, the DI of LOC-lime 
samples tested at PC exhibited lower values than at 200C due to inefficient bonding, 
although, as expected, mellowing led to improved durability. 
The differential thermogravimetric (DTG) analysis of LOC with either 2%Ca(OH)2 or 
1.5%CaO, mixed in the dry state, clearly showed that the addition of lime increased the 
gypsum content due to the oxidation of pyrites (Figures 7.6.4. and 7.6.8) As the 
oxidation reaction must involve water, it is thought that even after extensive oven 
drying, adsorbed water was still present in the LOC allowing Eq-3.8 to proceed. 
2Ca(OH)2 +7.5/2 02 + FeS2 + 2.5H20 -> 2CaSO4.2H20 + FeOHO Eq. 3.8 
The intentional introduction of water to both mixes further increased immediately the 
gypsum content to 4.42% (2%Ca(OH)2) and 4.59% (1.5%CaO) (compared to the 
maximum potential gypsum content of 6.10%) as a result of pyrites oxidation. Many 
reports on pyrites oxidation and its consequences with specific regard to stabilised soils 
describe long, dormant periods where disruption is not noticeable, followed by sudden 
failure and heave attributed to pyrites oxidation and subsequent sulphate generation 
over time (Thomas et al. 1981; Hawkins and Pinches 1987; Snedker, 1996). However, 
the DTG traces presented in the current work clearly show that in a highly alkaline 
environment pyrites oxidation, and subsequent gypsum formation by reaction with 
available calcium, is comparatively instantaneous. After, compaction and I weeks 
curing ettringite had formed at the expense of gypsum, although after further curing and 
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a drop in pH levels, as all available Ca(OH)2 was consumed, the gypsum content 
increased once again. However, it is thought that this increase was a result of ettringite 
decomposition due to reduced pH levels, rather than further pyrites oxidation. 
A period of mellowing (3 days at 20'C) prior to compaction modified the type and 
amount of reaction products in the LOC-2%Ca(OH)2/1. M/`CaO system. During 
mellowing ettringite was produced at the expense of the lime and gypsum. Although 
water is present in the mellowed material the ettringite formed during mellowing is 
thought to be crystalline, as opposed to colloidal in nature, and will therefore not imbibe 
large quantities of water. After compaction and I weeks curing of the mellowed 
samples, ettringite continued to form at the expense of gypsum indicating that the pH of 
the system was sufficiently high to allow ettringite formation. However, further curing 
(4 weeks) resulted in increased gypsum contents. As there was no lime present in the 
system at this time it is thought that the pH level had reduced, and ettringite 
subsequently became unstable decomposed, thus forming new gypsum. 
In both the mellowed and unmellowed lime-modified LOC systems it is thought that the 
pH levels of the systems rapidly reach 12.4 (the pH of lime in solution) encouraging the 
formation of ettringite. However with increased curing time it is suggested that 
eventually the pH levels of the lime-modified LOC samples reduce as the small amount 
of added lime is consumed during mixing in the presence of water, ultimately leading to 
ettringite decomposition to gypsum and alumina gel. Carbonation will clearly accelerate 
this process and the mellowed material is more susceptible to early carbonation than the 
unmellowed material. 
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Similar to lime-modified LOC, additions of Ca(OH)2 or CaO resulted in increased 
gypsum contents immediately on mixing in the dry state (Figures 7.6.5-7 and 7.6.9-11). 
Also, additions of CaO not only resulted in higher gypsum contents with increasing 
lime addition, but were also consistently higher than similar additions of Ca(OH)2 
confirming that CaO is more reactive than Ca(OH)2. The intentional addition of water 
and mixing further increased the gypsum contents via the oxidation of pyrites and also 
reduced the Ca(OH)2content of the samples. Gypsum contents were higher in LOC- 
CaO systems as the addition of water to CaO leads to a substantial heat increase due to 
the exothermic hydration reaction, thus encouraging pyrites oxidation, release of 
calcium and ultimately gypsum precipitation at a faster rate compared to Ca(OH)2. 
Compaction and curing generally resulted in a reduction in gypsum content primarily 
due to the formation of ettringite. At high lime additions (i. e. 8%Ca(OH)2 and 6%CaO) 
it is clear that ettringite is the principal reaction product because instead of an increase 
in gypsum content with further curing (4 weeks) (as there was in the LOC-2%Ca(OH)2 
sample), a reduction is apparent (in fact no gypsum was found in the LOC-4.5% and 
6%CaO samples). Also, as there was available unreacted lime in the system, a high pH 
was maintained. The presence of gypsum in the LOC-8%Ca(OH)2 sample after 4 weeks 
curing, although less than the lime-modified samples, is further evidence to suggest that 
CaO is more effective in oxidising the pyrites. It is thought that with further curing time, 
the gypsum content of the LOC-8%Ca(OH)2 would be minimal due to its consumption 
via ettringite formation. 
Mellowing (3 days at 201C) of lime-stabilised LOC samples allowed extra time for 
pyrites oxidation (and therefore gypsum precipitation) and ettringite formation prior to 
compaction. As shown in the Atterberg limit values and Proctor compaction data, at 
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high lime additions, a percentage of lime does not immediately react with the 
components of the soil. This allows the pH of the system to remain continuously high 
during mellowing, encouraging pyrites oxidation and subsequently ettringite formation. 
However, it is thought that lime is also consumed in increased flocculation during 
mellowing and therefore compacted mellowed samples are depleted in available lime 
compared to compacted unmellowed samples and, it is possible that carbonation of 
lime, which is known to reduce pH levels, may also occur. After compaction and 4 
weeks curing, both gypsum and ettringite were present in mellowed samples. Lime is 
also present, indicating a high pH, though it is probable that the pH level in the 
mellowed samples is less compared to unmellowed samples. Increased curing time 
reduced the gypsum content indicating that with further curing all gypsum will be 
consumed in ettringite formation. 
Unlike the lime-modified LOC samples (2%Ca(OH)2 or 1.5%CaO), where the pH of the 
systems were initially sufficiently elevated so that ettringite was the principal reaction 
product and then subsequently declined during curing so that gypsum was more stable, 
the lime-stabilised LOC (4-8%Ca(OH)2 or 3-6%CaO) samples attained a high pH which 
was maintained throughout curing, favouring the formation of ettringite at the expense 
of gypsum. Similar patterns were observed in mellowed samples, though it is suggested 
the pH values are somewhat lower due to lime consumption in flocculation, and 
possibly carbonation of lime, during mellowing and subsequent lime depletion during 
curing. 
To corroborate the data discussed above on unmellowed and mellowed lime-stabilised 
(8%Ca(OH)2 or 6%CaO) LOC presented in the DTG figures, similar samples were 
255 
Bari Thomas (2001) 
Universitv of Glamorizan 
Chapter 9, Discussion 
studied using X-ray diffraction (XRD) analysis (Figures 7.7.2-3). In general the X-ray 
data supported the interpretation of the DTG data. 
During the mellowing period for (3 days at 20'C) prior to compaction, the XRD traces 
illustrated that ettringite was formed at the expense of lime and calcium sulphate (hemi- 
hydrate) in lime-stabilised LOC. Compaction and curing resulted in lime depletion, and, 
as shown by the DTG data mellowed samples exhibit greater gypsum contents 
compared to unmellowed samples. Again, this is thought to be a result of reduced pH 
levels due to lime consumption and possibly carbonation during mellowing, which 
tends to favour gypsum stability relative to ettringite. 
9.2 GGBS or PC Stabilised LOC 
The previous section clearly illustrates the problems associated with stabilising LOC 
with lime. Principally, although significant strength development was achieved after 4 
weeks curing for lime contents in excess of 2% (Figures 7.3.2-7.3.3), considerable 
levels of expansion on soaking (Figures 7.4.5 and 7.4.6) was also apparent due to 
pyrites oxidation generating high sulphate levels, resulting in substantial ettringite 
formation. This, in turn, produced lime-stabilised LOC illustrating very poor durability 
characteristics (Figure 7.5.1 (A-B)). Therefore using lime to stabilise such a soil would 
be totally unacceptable. Small additions of lime are however required to modify soils 
in-situ, and alternative stabilisers were employed (i. e. GGBS and PC) in order to 
overcome the swelling and loss of durability problem. 
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The object of stabilisation was to provide cementation, reduce swelling and improve 
durability of lime-modified LOC. Clearly both stabilising agents effectively improved 
strength (Figures 8.1.1-8.1.4), reduced linear expansion (Figures 8.2.1-8.2.2) and 
increased durability (Figures 8.3.1-8.3.4) compared to samples stabilised with lime 
only. However, samples stabilised with PC produced superior strengths compared to 
samples at the same levels of GGBS addition. For example, LOC-1.5%CaO-8%GGBS 
samples exhibited inferior strengths compared to LOC-1.5%CaO-8%PC samples after 
52 weeks curing at 20*C (Figure 8.1.2 and 8.1.3). A similar scenario was observed 
when Ca(OH)2 was used as the soil modifier prior to compaction (Figures 8.1.4 (A-B) 
and (C-D)). The main reason for this is that GGBS relies on activation by lime. As 
previously stated lime is consumed during mellowing, and at high GGBS contents 
(>6%) an addition of 1.5%Ca /2%Ca(OH)2 was not sufficient to sustain GGBS 
hydration, and that after 12 weeks curing GGBS hydration had ceased, resulting in little 
further significant strength gain. However PC not only hydrates at a faster rate than 
GGBS, but also produces lime during hydration. It is proposed that this extra lime 
combines in pozzolanic reactions with clay particles in the LOC to produce even more 
cementitious gels and phases over time (Herzog, 1963; Sherwood, 1992,1993). Similar 
to the lime-stabilised samples, curing at lower temperatures resulted in reduced 
strengths in GGBS and PC stabilised samples, though PC-stabilised samples exhibited 
consistently greater strengths, especially after extended curing periods. Thus, increasing 
PC contents ultimately lead to improved strength when compared to samples containing 
similar GGBS contents. 
In contrast, additions of PC at the same levels of additions as GGBS produced 
substantially greater expansion (Figure 8.2.1 A-13). Expansion in lime-stabilised soils is 
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caused by ettringite formation during conditions of saturation and is dependant on the 
availability of lime, sulphate and alumina and critically on the pH range (>10.5) (Gaze 
and Crammond, 2000; Santhana et al. 2001). PC hydration produces lime and therefore 
a high pH is maintained. In LOC-lime-PC mixtures, there is also excess lime and 
sulphates available from pyrites oxidation and at high pH alumina is released from the 
clay. These factors lead to enhanced expansion (Figures 8.2.1 (A-B)), although not as 
high as for equivalent amounts of lime only (Figures 7.4.7(A) and 7.4.8 (A)) because 
although strengths at 4 weeks are similar the lime content in the lime-stabilised LOC 
samples is much greater than in PC-stabilised LOC. Although strength levels are lower 
in GGBS-stabilised LOC than in PC-stabilised LOC (Figures 8.1.2-8.1.3), the hydration 
process of GGBS removes available lime, thus reducing the pH of the system to levels 
where ettringite is not stable and encouraging gypsum formation and also reducing the 
amount of lime available to form both ettringite and gypsum (Wild and Tasong, 1999). 
Therefore expansion is much reduced. Also mellowing is particularly advantageous 
because it allows the early deleterious reactions to occur prior to compaction (Figure 
8.2.2) further reducing any potential future expansions during soaking. 
This is clearly reflected in the relative durabilities of the GGBS-stabilised, PC-stabilised 
and lime-stabilised LOC. The huge expansion (Figures 7.4.5-7.4.8) accompanying the 
soaking of lime-stabilised LOC lead to very poor durability indices (Figure 7.5.1), 
particularly at high lime contents. The expansion of the PC-stabilised LOC was much 
lower than this (Figure 8.2.1) and hence the durability indices were higher (Figure 
8.3.1-8.3.4). In the case of GGBS-stabilised LOC however, expansion was reduced to a 
very small level (Figures 8.2.1-8.2.2) and therefore although the strength achieved was 
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not as high as with PC, the durability of the GGBS-stabilised material was significantly 
improved. Also, mellowing as would be expected, ftirther improved durability. 
For problem soils such as the Lower Oxford Clay (LOC), which contain significant 
levels of pyrites that oxidise to produce sulphates, stabilisation methods using GGBS is 
a possible solution. However, the amount of lime initially added to the soil for 
modification is critical. If too much lime is added then the excess lime will maintain a 
sufficiently high pH and promote extensive oxidation of pyrites to sulphate and 
continued ettringite formation and loss of durability. However, if insufficient lime is 
added, the pH will not be maintained at a sufficient level to ensure continued GGBS 
hydration and hence poor bonding and strength will develop in the stabilised clay soil. 
Thus to apply this method in practice and achieve a durable material with the necessary 
engineering properties as extensive programme of testing would first be required to 
establish an appropriate composition to achieve effective modification and stabilisation. 
9.3 Practical Implications 
The current work has clearly demonstrated that lime (either Ca(OH)2 or CaO) increases 
the Atterberg limits and flattens the compaction curve of (i. e. increases OMC and 
decreases MDD) of a sulphide bearing clay soil, the Lower Oxford Clay, and it is 
apparent that CaO is more effective than Ca(OH)2 at modifying the engineering 
properties of LOC, especially at low lime additions. Also the addition of lime to the 
LOC resulted in an immediate increase in the gypsum content of the clay as a result of 
pyrites oxidation, with additions of CaO being more effective than Ca(OH)2 in pyrites 
oxidation due to the greater reactivity of the oxide and the exothennic hydration 
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reaction which further accelerates reactions. After 7 days curing and 14 days soaking 
the S03 content of the LOC increased from 'cýlo/OS03 to >3%SO3, with samples 
containing greater amounts of added lime generally showing higher S03 contents. The 
almost immediate increase in sulphate levels has important ramifications on potential 
modifying/stabilising of sulphide rich clay soils as sulphate attack and subsequent heave 
and disruption was apparent in the current work and is well documented in lime- 
stabilised pavements. The current work suggests that it is important during preliminary 
investigations not only to procure sulphate contents of soils, but also sulphide contents 
as the sulphate content may significantly increase during the stabilisation process as a 
result of sulphide oxidation. Also it is known that increased curing periods prior to 
soaking of clay-lime samples resulted in reduced expansion due to the formation 
ettringite and subsequent depletion of calcium and sulphate ions (Abdi, 1992). If the 
curing period were extended from 7 days (in the current work) to 28 days, then expected 
expansion would be lower. 
A period of mellowing prior to compaction (3 days at 2011C in the current work) 
significantly reduced expansion and heave and improved durability of LOC-lime mixes 
as freely available calcium and sulphate was consumed in ettringite formation, thus 
depleting the system of the calcium and sulphate and allowing the formation of 
expansive ettringite prior to compaction. Mellowing also further increased the 
consistency limits, and further increased OMC and decreased MDD with increasing 
mellowing time creating a less dense, more porous compacted sample as flocculation 
and phase formation continued unhindered. Again the changes were more pronounced 
with additions of CaO. However, it is thought strength development may be retarded in 
mellowed lime-stabilised soil pavements as lime, required for pozzolanic reactions, is 
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consumed in flocculation and ettringite formation prior to compaction resulting in 
reduced strength over time. It is suggested that a period of mellowing undertaken prior 
to compaction is essential, as it not only improves the engineering properties of a clay 
soil - lime, but also encourages sulphide oxidation and consumes ions required for the 
formation of deleterious phases in the presence of excess water. 
The introduction of a stabilising agent (GGBS or PC in the current work) significantly 
increased the strength development, linear expansion and durability of lime-modified 
LOC by the formation of cementing gels and phases at a much faster rate than the clay- 
lime pozzolanic reactions. It is clear that PC-stabilised lime-modified LOC showed 
greater strength development, especially after longer curing periods and higher 
temperatures. GGBS requires an alkaline environment in which to activate and hydrate. 
However PC does not and as it is known that lime is consumed during mellowing of 
lime-modified LOC, then the pH of the mellowed material will be depleted and as a 
consequence may not fully activate GGBS. Therefore it is in order to modify the 
engineering properties of a sulphide rich clay soil, to encourage sulphide oxidation and 
to fully hydrate any added GGBS an addition of lime in excess of 2%Ca(OH)2 or 
1.5%CaO may be needed. In the presence of excess water linear expansion is lower and 
durability is greater when GGBS is used to stabilise the LOC. Although the cementing 
phases formed during PC hydration are stronger and developed at a faster rate, GGBS 
hydration consumes more lime than it does produces resulting in depleted available 
calcium and therefore retarded deleterious ettringite formation. Also gypsum, which is 
increased in the LOC on lime addition, accelerates GGBS hydration whereas gypsum 
reacts with C-A-H phases and/or Ca(OH)2 produced by alite and belite hydration to 
form colloidal ettringite in saturated PC-stabilised soils. Therefore it is suggested that 
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stabilisation of sulphate or sulphide bearing clay soils using GGBS is more effective 
compared to PC in preventing the formation of deleterious phases and subsequent 
disruption and heave, though strength development is not as great. 
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Figure 9.1 Diagram explaining the changes in pH and S03 level of the unmellowed 
LOC-8%Ca(OH)2 soaked in aerated water. 
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Chapter 10. Conclusions and Recommendations for Further Work 
10. Conclusions and Recommendations for 
Further Work 
10.1 Conclusions 
The work presented in this thesis has critically assessed the effect of particular 
components of a sulphide-rich, naturally occurring, clay soil - Lower Oxford Clay 
(LOC) - on the engineering properties of that soil when it is modified or stabilised with 
lime. Laboratory studies were utilised to identify the influence of various parameters 
including temperature, lime content, lime type (Ca(OH)2 or CaO), pyrites oxidation and 
pre -conditioning (mellowing) on the LOC, and their impact has been detailed and 
discussed. Furthermore, the ability to stabilise such a soil has been assessed utilising not 
only lime, but also GGBS and PC. Laboratory studies were undertaken to assess the 
effect of slag content, curing and soaking temperature and to compare slag-stabilised 
LOC with Portland cement (PC) stabilised LOC in tests, which included unconfined 
compressive strength, linear expansion measurements during saturation and durability 
measurements. The salient conclusions of the work are summarised below. 
1. The addition of a small amount of lime (2%Ca(OH)2 or 1.5%CaO) modified the 
engineering properties of the Lower Oxford Clay (LOC) by increasing the liquid limit 
(LL) and plastic limit (PL), and by increasing and decreasing the optimum moisture 
content (OMC) and maximum dry density (MDD) respectively, as a result of 
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flocculation caused by cation exchange between the clay particles and the added lime. 
Further increases of lime further modified the various engineering parameters up to an 
addition of 6%Ca(OH)2 or 3-4.5%CaO. Lime additions in excess of this lime fixation 
point result only in supplying an excess of calcium to the mixture. 
2. The introduction of a period of mellowing (3 days at 200C) to the lime-modified LOC 
prior to testing further increased LL and PL, with greater increases achieved after an 
addition of 1.5%CaO rather than an addition of 2%Ca(OH)2- Similarly, increased OMC 
and decreased MDD were apparent after mellowing. Significantly the LOC-1.5%CaO 
mixture proved to be less dense, and therefore more porous, than the LOC-2%Ca(OH)2 
mix as a result of the differences explained above and also the loss of moisture due to 
evaporation during the initial mixing period, supplying an apparently drier, more robust 
flocculated material after mellowing. Mellowing of LOC with increasing additions of 
lime showed further increased LL and PL, and further increased OMC and decreased 
MDD up to an addition of 6%Ca(OH)2 or 3-4.5%CaO. 
3. Increased curing time and increased curing temperatures generally resulted in increased 
strength development for lime-modified (2%Ca(OH)2 or 1.5%CaO) LOC samples, 
though the changes were small and non-systematic. Further additions of lime to the 
LOC resulted in increased strength development due to the formation of cementitious 
phases as a result of pozzolanic reactions between the clay particles and the added lime. 
Strength development was noticeably better when curing for 4 weeks at 20"C rather 
than at 5*C. 
4. After I weeks curing, mellowed (3 days at 200C) lime-stabilised LOC samples 
exhibited superior strengths compared to similar unmellowed samples, though after 4 
weeks curing the unmellowed samples were generally stronger as a result of ettringite 
formation during mellowing. 
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5. On soaking the linear expansion of lime-modified LOC was immediate, regardless of 
lime type, soaking environment and soaking temperature. Additions of 2%Ca(OH)2 or 
1.5%CaO to the LOC also resulted in increased S03 levels after mellowing and 7 days 
moist curing at 20"C, and S03 levels were further increased after 14 days soaking, 
especially in an aerated enviromnent due to the oxidation of pyrites (FeS2). Further 
increases in lime content to the LOC generally resulted in increased expansion on 
soaking, increased S03 contents and more alkaline soaking waters. Other than at high 
lime contents, samples soaked for extended soaking periods in aerated soaking waters 
resulted in significantly reduced S03 contents due to carbonation, ettringite 
decomposition and the release of sulphate. 
6. Expansion was significantly reduced after mellowing as calcium and sulphate ions 
required for deleterious ettringite formation were consumed, and also because the less 
dense, more porous mellowed samples were more effective in accommodating heave. 
Although expansion was increased at PC, it is thought this was a result of inferior 
bonding rather than increased swelling due to ettringite formation or changes to the 
chemical system. 
7. The durability of LOC-lime samples was reduced when cured and soaked at PC 
compared to 20'C. Although, increased lime contents resulted in increased durabilities 
at 5"C, at 20'C the LOC-2%Ca(OH)2 exhibited better DI values due to the lack of 
available calcium. Other than at low lime levels, a maximum limit of 6%Ca(OH)2 
addition to the LOC proved most beneficial. This figure also corresponds to results 
attained in both the consistency (Atterberg) limits and Proctor compaction tests. As 
expected, durability was improved when a period of mellowing was employed prior to 
compaction. 
266 
Bari Thomas (2001) 
Universitv of Glamorizan 
Chapter 10. Conclusions and Recommendations for Further Work 
8. The analytical data demonstrated that the fundamental difference between the LOC- 
Ca(OH)2 and LOC-CaO systems was that the oxide was more reactive, generating heat 
on hydration, and therefore enhancing the rate of pyrites oxidation. In all samples, 
regardless of the system, ettringite formed during mellowing (3 days at 20"C) at the 
expense of calcium sulPhate. Therefore mellowed LOC samples are depleted in lime, 
sulphate, pyrites and water and have a reduced pH level compared to unmellowed 
samples. 
9. Increasing additions of ground granulated blastfurnace slag (GGBS) generally increased 
the strength development of mellowed LOC-1.5%CaO samples especially at 200C as 
opposed to 10"C or 5'C. However additions of GGBS in excess of 6% and curing 
periods beyond 12 weeks did not significantly improve strength as the relatively small 
addition of lime was insufficient to provide activation of GGBS at extended curing 
periods for additions of >6%GGBS in addition to participating in cation exchange, 
flocculation and the formation of cementitious reaction products. Thus as a consequence 
after 12 weeks moist curing the GBBS hydration ceased. Similarly, increasing additions 
of Portland cement (PC) generally increased the strength of the mellowed LOC- 
1.5%CaO mixes especially at 20'C. However, samples containing additions of PC 
exhibited higher strengths than samples containing similar amounts of GGBS, even after 
12 weeks curing, as PC produces lime on hydration, which is thought to react with 
pozzolanic material (i. e. clay minerals) to further improve strength. 
10. Additions of either 4% or 8%GGBS or PC resulted in significantly reduced linear 
expansion in mellowed LOC-1.5%CaO when soaked in aerated water at 20'C. 
However, samples containing GGBS showed consistently less expansion than samples 
containing similar amounts of PC. A reduction in soaking temperature from 201C to 
5*C resulted in increased expansion in all samples though again GGBS-stabilised 
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samples proved to be more effective in preventing expansion compared to PC. Again, 
expansion was found to be less in the LOC-1.5%CaO-8%GGBS sample when a period 
of mellowing was employed prior to compaction. 
11. Durabilities were increased when either GGBS or PC was added to lime-modified LOC, 
though samples containing high amounts of GGBS consistently showed greater DI 
values, again due to lime consumption during hydration and the presence of accelerating 
gypsum. A reduction in curing and soaking temperature from 20*C" to 5*C resulted in 
reduced DI values due to inefficient cementation. As expected mellowing further 
increased durability. 
12. Most significantly, although lime-modified, PC-stabilised LOC showed greater strength 
development than similar GGBS-stabilised samples, when saturated GGBS-stabilised 
samples (containing 6% or 8% GGBS) exhibited less expansion and recorded higher 
durability indices than similar PC-stabilised samples. 
10.2 Recommendations for Further Work 
It is clear that several questions have been raised by the work presented in this thesis, 
the answers to which could not be incorporated in the current work due to time 
restraints. The following outlines areas worthy of further study. 
The current work examines in detail the engineering performance of a naturally 
occurring sulphide rich clay soil when stabilised with lime, GGBS or PC. In order to 
appreciate the role of the soil, a comparative study specifically examining the role of 
sulphide oxidation and mellowing should be undertaken utilising a mono-mineralic 
sulphate/sulphide free soil such as china clay. 
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Although mellowing is outlined in the Department of Transport guidelines on soils 
stabilisation (DoT, 1995), there are no specific guidelines as to the moisture content of 
the mellowed material -a factor that may influence the ultimate strength and durability 
of the stabilised soil. A study of the effect of the moisture content of mellowed material 
on subsequent performance after compaction would prove beneficial during 
construction of stabilised soils, especially in sulphide-rich clay soils. 
Saturation of stabilised LOC samples in C02-rich water resulted in reduced pH levels 
after extended soaking periods, and as relatively high pH levels are required to maintain 
the integrity of cementitious phases, the long-tenn strength of such soils is unclear. 
Thus further work is necessary to examine the effects of saturation of stabilised 
sulphide-rich samples at differing pH levels. 
The durability index test (as outlined in Chapter 6) requires stabilised samples to be 
moist cured for a3 -week period prior to soaking (I week) before obtaining compressive 
strength. However, in order to monitor the effectiveness of moist curing prior to 
soaking, it is suggested that a range of curing times be employed. 
There is clearly a critical balance between the amount of lime required to be added to 
sulphide rich soils to effect modification, without producing excessive swelling and the 
level of lime required to effectively activate the GGBS and provide GGBS hydration 
over an extensive time period. Further research is required to establish guidelines with 
regard to the appropriate level of both lime and slag with respect to various sulphide 
levels in sulphide rich soils. 
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An analytical study of cured lime-modified/stabilised, sulphate/sulphide rich clay soil 
(such as the Lower Oxford Clay), either stabilised or unstabilised with a suitable 
stabilising agent (such as GGBS) subjected to moist curing and soaking at low 
temperatures (<15"C) would be beneficial with regards to examining the effects of the 
thaurnasite form of sulphate attack (TSA) in these systems. 
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Appendix A 
A. 1 Heat Generation by Quicklime in presence of Water: 
, AH 1 AH2 AH3 
Ca0 + H20 --> Ca(OH)2 
AHI Ca+O CaO -635.5 U/ mole 
AH2 H2 +0 H20 -285.8 U/ mole 
AH3 Ca + 02 H2 Ca(OH)2 -986.6 U/ mole 
AH = AH3 - (AH1 + AH2) 
-986.6 - (-635.5 + -285.8) 
-65.3 W/ mole (-ve represents heat evolved) 
I mole of Ca(OH)2 40 +34 = 74g Ca(OH)2 
-65.3 U of heat are released in forming 74g of Ca(OH)2 
Therefore, (-)65.3 / 74 = 0.882 U of heat is generated during CaO hydration per 
g of Ca(OH)2- 
283 
Bari Thomas (2001) 
University of Glamorgan 
Appendices 
A. 2 Volume increases due to ettringite formation. 
The first scenario outlines the volume increase due to ettringite formation when 
gypsum is mixed with CA: 
CA + 3C SH2 + 26H20 C6AS3H32 
or 
3CaO. AI203 + 3CaO. 3SO3.6H20 + 26H20 -* 6CaO. AI203.3SO3.32H20 
(168+54+48) + (168+240+108) + (468) -* (336+54+48+240+576) 
Atomic Mass 
C3A = 270 3CSH2 = 516 26H20 =468 C6AS3H32 = 1254 
Density 
C3A 3.03 3CSH2 2.32 26H20 =I 
Volume (V=M/D) 
C3A = 89.10 + 3CSH2 222.41 + 26H20 = 468 
779.51 
C6AS3H32 ý-- 1.76 
C6AS3H32 = 712.5 
712.5 
Therefore the total volume Would be reduced by 8.59% 
However, if H20 consumed in this reaction is drawn from outside (i. e. if this 
reaction occurred in hardened material) then: 
C3A = 89.10 + 3CSH2 = 222.41 C6AS3H32 = 712.5 
311-51 712.5 
Then a total volume increase of 128.2% would be expected. 
284 
Bari Thomas (200 
University of Glamorgan 
Appendices 
The second scenario of volume increase due to ettringite formation involves 
reactions between monosulphate and gypsum: 
C4ASH12 + 2CSH2 
or 
4CaO. AI203-SO3-12H20 
+16H20 -ý C6AS3H32 
2CaO. 2SO3.2H20 +I 6H20--> 
6CaO. AI203.3SO3.32H20 
(224+54+48+80+216) +(112+160+72) + (288) -> (336+54+48+240+576) 
Atomic Mass(g) 
C41AM12 
= 622 + 2CSH2 = 344 + 16H20 = 288 
Density (g/cm3) 
C4ASH12 = 1.95 2CSH2 = 2.32 16H20 =1 
Volume (CM) (V=M/D) 
C4ASU12 = 318.97 + 2CSH2 = 148.27 + 16H20 = 288 
755.24 cm 
Therefore a total volume reduction of 5.66% is expected. 
->C6AS3H32= 1254 
-W6AS3H32 ý 1.76 
->C6AS3H32 = 712.5 
-> 712.5 cm 
3 
However, if H20 consumed in this reaction is drawn from outside: 
C4ASHI2 = 318.97 + 2CSH2 = 
148.27 ->C6AS3H32 = 712.5 
467.24 cm 
3 
--> 712.5 CM3 
The resultant volume increase is 52.49% 
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A. 3 Sample material computation. 
All samples were compacted at maximum dry density (MDD) and slightly wet of 
optimum moisture content (OMC) at 32% moisture addition (the reason for this is 
explained in chapter 6). Mellowing was carried out at OMC. 
Example: 
Mix LOC-8%Ca(OH)2 -ý- OMC 31% and MDD 1.34 Mg/rn 
3 
Sample volume: V=2.254xlO-4 M3 (sample size h= 100mm and d =50 mm, plus 
15% added for wastage*). 
Determination of bulk density: (Pb = Td X G+W) = 1.34 + (1 x 0.31) 
1.7554Mg/m 3 
Mass = density x volume = 1.7554 x 2.254xlO"4 = 0.3956 kg 
Amount of LOC: LOOK 
8% Ca(OH)2 0.08L (as a percentage of the clay) 
Total 1.08K (whole dry weight of soil plus additives) 
M= whole dry weight of soil + additives + (water content x dry weight of soil + 
additives) = 1.08 + (0.31 x 1.08) = 1-4148K 
Therefore 1.4148K = 395.667g thus K= 279.615g (LOC) 
thus L= 22.369g (8%Ca(OH)2) 
Total dry mass= 301.984g 
Moisture added prior to mellowing = 301.984g x31% (OMC) = 93.615g 
Moisture added after mellowing, prior to compaction = 395.599g x 1% (i. e. 32%- 
OMC) = 3.955g 
(If a sample was compacted without a mellowing period, then all water (32%) was 
added during the initial mixing). 
*a value of 15% was chosen because material loss between initial mixing and 
mellowing, and between mellowing and final compaction was expected to be 
high. 
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AA DTG Data Computations. 
Gypsum content of the LOC 
Let, Ra = initial weight of sample. 
Rz = ignited or final weight of sample. 
N= mass of H20lost (measured from TG trace). 
R= ratio of Ra: Rz. 
RaC = Corrected initial weight. 
CaS04.2H20 ý-- 172/36 amu. 
Ra Rz R N % Gypsum 
10.75 8.71 1.234072 0.0313 1.391111 
15.72 12.48 1.256915 0.05008 1.522081 
Average 1.246844 1.456596 
In a LOC-2%Ca(OH)2 sample there is 307.866g of LOC and 6.141g Ca(OH)2, 
Therefore total weight = 314.007 
As 2%Ca(OH)2 is equal to 1.5%CaO, then 6.141= 4.174 due to moisture loss. 
Corrected total weight now 312.040g. 
3 12.040 /3 14.007 x 100 99.37 
Therefore 99.37% of the total moisture loss of a sample of LOC-2%Ca(OH)2 
sample after heating up to 1000"C is from the LOC, not the added lime. 
To find the % gýTsurn content of LOC-2%Ca(OH)2 
(Rz/100 x 99.37) xr= RaC 
(n x 172/36) / RaC x 100 =% Gypsum in sample 
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Appendix B- Experimental Results 
B. I Atterberg (Consistency) Limits Results 
Atterberg Limits 
Ca(OH)z Content 
0 2 4%1 
LL (Liquid Limit) UN 59 68.5 68 72 68 
M) M 68 80 87 71) S 
P1, (Plastic Limit) UN 32 38 40 50.5 48 
M) M 36 42 
-5-5.5 50 
PI (Plasticity Index) UN 27 30.5 28 21.5 20 




ly, 1 4.5 111,, ', 6"i, 6 
U, (Liquid Limit) UN 59 72.5 73.5 73 5 74 - 63.5 (. 3 -5 ) 
NO A4 77.5 92 g2 81 66 (I 
P1. (Plastic Limit) (IN 32 44 49 51 
a 
45 4 
NO M 54 54 54 47S 
III (Plasticity Index) UN 27 28.5 255 1 23 18 1 85 .5 
N. ) M 3.5 28 28 27 27 I 1 8 8 18.5 




1111111ellolved OMCI. M 24.5 28 27 
MDD (Mg1nl') 1.427 1.365 1.39 
61irs at 10'(' OM(' (%) 29.5 29 
MDD (Mg/111 3) 1.36 1.35 
61irsat 20'(' OW, 29 2T5 
MDD (mg11113) 1 355 
3daysat 10'(' OW" 30 30 
MDD (Mg/1,13) 1.; 57 1 15 
3days a( 20'(' omc 29 28 
MDD (Mg/111) 1,1(, 1 37 
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Univiellowed OMC 28 28.5 28.5 28 27 2 7.. ý 2 S' 27.5 
MIN) (Mg/1113) 1.305 1.35 1.35 1.355 1.31) 1 ý7 1 ;6 1.36 
61irs at 20'C OMC, 28 30.5 31 30.5 27.5 29 30.5 30 
MDD (Mghn) 1.36 1.345 1.345 1,35 1.39 1 36 1,355 1 ý35 
3davsat 
20'C 
omc (%) 29 30.5 31 31 28 30 30 29 
I 
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B. 3.1 Unconfined Compressive Strength (UCS) results of lime-niodifie(I 
LOC. 
Unconflued Compressive Strength (UCS) 
I Weeks Curin 
Unmellowed Mays at 20"(' g 
Temperature (" C) ]ý. Illpcrelfllrc (, (. ) 
Lime Addition 5 10 20 5 1 () 20 
1.5% Call (Mm') 201.683 228.118 205.11 241.824 225-67 297.94 
2'y"('2(()11)2 (kN/tn2) 221.265 182.103 325.533 153.71 179.18(ý 18ý04 
4W k C i 
Unmellowed Mays at 20"(' 




Lime Addition 5 1 () 20 5 1 () .1 () 
1.5% CaO (kN/i 112) 98.394 314.784 369.611 181.245 192.654 270,093 
2'Y,, ('a(011)2 (Mm') 330.918 349.52 343.645 255ý042 244,702 123 S7ý 
B. 3.2 Unconfined Compressive Strength (UCS) results of LOC with 
various additions of ('a(OH)2- 
Unconfinýd ComVms i .si ýve St ir c ýtl i IUJ CJS 
1 Weeks Curin 
Unmellowed Mays at 20"C 
g Temperature ("C) 1'empern fure C) 
Lime Addition 5 10 20 5 10 
2(Y,, Ca(011)2 (Min') 221.265 182.103 325.533 153.71 178.186 185.04 
4%, Ca(011), (KA/ml) II TI-I 11 365ý 195 174,48o 379.381 442,529 449.404 
6'V(, (, 'a(011)z (Mm7F 317 393.087 460.642 429.802 449.872 529.696 
8'VoCa(011)z (Mml) S 14,41) 547.777 582, S1 502.251 578 o17 102 950 
Unmellowed 
. 
3daN s at 20'( 
4 Weeks Curing Temperature h, I)II)craturc 
Lime Addition 5 /0 20 51 10 20 
2'V,. ('-1(011)2 (kN/n)F --- 
. 130 
918 349,52 343.645 255.042 244.762 323.575 
T! /., ( 11(oll), (kN/ni") 5-73.722 701.488 982122 397.004 492. N1 709.81 
6%. Ca(011)z (Mm") 497.84 575.191 853. 475.327 640.297 990.93 
9, V,, Ca(011)z (Mm') 675.053 811.141 9ý5.551 536.5 181 6ý)2,04(, 912.47 1 
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B-4.1 Expansion measurements of unmellowed and mellowed lime- 
modified LOC in various soaking environments at 20'C and 5"C. 
Static Environment Aerated Environment 
Aerated Environment 
with Mellowing at 20*C 
Aerated Environment 
with Mellowing at SOC 
Days 2%Ca(010.? 1.5% CaO 2%Ca(OH)2 1.5% CaO 2%Ca(OH)2 1.5% CaO 2%Ca(OH).! 1.5% Cao 
1 0 0 0 0 0 0 0 0 
2 0.2 -0.06 0 -0.001 0 0 
3 O. T-- 0 0.06 0.07 0.01 0 
4 0.5 0.04 0.1 0.12 0.03 0.01 0.39 0.82 
5 0.68 0.17 0.18 0.04 0.02 1.27 0.86 
6 0. 1 0.05 0.03 1.33 0.9 
7 0.83 0.06 0.06 0.03 1.34 0.91 
8 1.8 0.07 0.23 0.24 0.08 0.05 1.91 1.62 
9 2.98 1.09 1.37 1.62 0.75 0.9 2.5 2.3 
10 3.5 1.65 2.12 2.48 1.14 1.13 2.9 3.2 
11 4 2.24 2.6 3.07 1.43 1.43 3.75 4.3 
12 4.3 3.13 3.78 1.63 1.63 4.12 4.63 
13 4.59 1.87 1.88 4.40 4.96 
14 4.89 3.23 2.05 2.06 5.11 5.16 
15 3.48 3.96 3.99 2.21 2.2 5.43 5.28 
16 5.34 3.65 4.19 4.31 2.32 2.29 
17 3.87 4.53 4.5 2.42 2.39 
18 4 4.54 4.75 2.5 2.44 5.68 5.72 
19 5.89 4.96 4.89 2.6 2.46 5.89 5.9 
20 2.67 2.49 6.01 5.89 
-21 6.03 2.73 2.54 6.19 5.89 
22 6.11 4.44 2.78 2.63 6.33 5.89 
23 6.21 4.51 5.07 5.32 2.84 2.67 
24 4.6 5.14 5.39 2.89 2.7 
25 4.65 5.22 5.41 2.95 2. U 
26 6.44 5.28 5.51 2.99 2.82 6.78 5.89 
27 6.53 3.03 2.86 6.95 6.27 
28 4.81 3.06 2.85 7.05 6.40 
29 4.86 5.34 5.66 3.09 2.89 7.16 6.64 
30 - 4.9 5.39 5.69 3.11 2.89 
31 5.41 5.73 3.14 2.92 
32 - - 4.98 3.17 2.97 7.41 6.97 
33 6.85 5.49 5.8 3.19 2.99 7.47 7.06 
34 6.9 3.21 3.01 7.56 7.15 
35 6.93 5.1 3.23 3.02 
36 5.12 5.58 5.9 3.25 3.03 7.69 7.26 
37 6.99 
1 
5.6 5.93 3.27 3.06 
38 3.28 3.08 
39 5.21 3.3 3.1 7.9 7.42 
40 7.16 5.7 6.04 3.32 3.11 7.91 7.45 
41 3.34 3.12 
42 5.3 3.36 3.14 
43 5.32 5.8 6.13 3.38 3.16 
44 5.32 5.82 6.17 3.4 3.18 
46 6.19 8.27 7.68 
47 7.34 5.84 8.32 7.72 
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48 6.23 34 3.23 
49 7.36 5.39 
51 5.91 6.29 
54 3.46 3.24 
551 5.53 6 6.41 
56 7.5 
57 3.5 3.28 
58 3.51 3.29 8.75 8.01 
60 5.63 6.09 6.43 
61 7.61 3.55 3.31 
64 8.82 8.02 
65 7.97 3.56 3.35 
66 5.71 6.15 6.52 
68 3.58 3.35 
65 7-74 3.6 3.37 
70 
71 7.75 




88 6.05 6.53 6.85 
89 3.65 3.43 
90 3.66 3.44 
92 3.68 3.44 
93 8.08 3.7 3.44 
96 3.74 3.44 
9 97 7 3.74 3.44 9.67 8.02 
9 99 9 3.76 3.44 
100 1 ()0 8.15 3.77 3.44 
104 3.81 3.44 
- 105 8.27 6.21 
107 6.79 7.02 3.83 3.44 
110 3.84 3.44 
113 1_ 3.89 3.44 
Bari Thomas_(ý ý01 
University of Glam IqMan 
Appendices 
B. 4.2 Thermogravimetric data illustrating the changes in CaC03 and 
le gypsum content (as a percentage of the LOC) of mellowed lime-modiri d 
LOC samples soaked in an aerated environment. 
%CRC03 






5 13.98574 9.754 
10 12.38883 10.35415 
24 12.43854 10.07125 
112 17.39211 16.87236 
%Gypsum 
Days Soaking in Aerated 
Environment 
LOC+2%Ca(OH)2 LOC+1.5%CaO 
0 1.456596 1.456596 
4.302148 4.085149 
16 2.87 3.9 
241 2.529837 3.405879 
112 2.4865 2.09957 
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B. 4.3 Expansion measurements of unmellowed LOC with various 
additions of Ca(OH)2 in a static soaking environment at 200C 
Static Environment without mellowing at 20 
Days 2%Ca(OH)2 4% Ca(OH)2 6% Ca (OH)., 8% CaFO-H): 
1 0 0 0 0 
2 0.2 0.06 0.1 0.21 
3 0.3 0.15 0.2 0.29 
4 0.5 0.25 0.3 0.39 
5 0.68 0.34 0.39 0.45 
6 0.7 0.39 0.46 0.5 
7 0.83 0.69 0.55 0.66 
8 1.8 1.69 1.55 2.66 
9 2.98 2.69 2.68 3.94 
10 3.5 3 3 4.3 
11 4 4 4 4.6 
12 4.3 4.47 4.48 4.75 
13 4.59 4.96 4.96 5.24 
14 4.89 5.5 5.54 5.82 
16 5.34 6.4 7.47 6.76 
19 5.89 6.82 7.94 8.29 
21 6.03 8.23 8.37 8.73 
22 6.11 8.38 8.67 9.05 
23 6.21 8.47 8.98 9.36 
26 6.44 8.71 9.72 10-19 
27 6.53 8.81 10.04 10.49 
33 6.85 9.11 11.41 11.85 
34 6.9 9.22 11.82 12.00 
35 6.93 9.22 11.82 12.23 
37 6.99 9.3 12.19 12.59 
40 7.16 9.31 12.79 13.09 
41 7.20 9.41 12.87 13.17 
47 7.34 9.57 13.74 14-53 
49 7.36 9.61 13.85 14.9 
56 7.5 9.67 14.3 15-17 
61 7.61 9.73 14.48 15.26 
65 7.97 9.74 14.54 15.28 
65 -7.74 9.78 14.59 15.3 
71 7.75 9.8 14.59 15.3 
75 7.8 9.82 14.61 15.32 
79 7.8 9.83 14.63 15.32 
85 7.88 9.87 14.67 15.34 
93 8.08 9.89 14.71 15.36 
100 8.15 9.92 14.74 15.36 
1051 8.27 1 10.1 14.74 15.39 
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B. 4.4 Expansion measurements of unmellowed LOC with various 
additions of Ca(OH)2 in an aerated soaking environment at 200C. 
Aerated Environment without mellowing at 20C 
Days 2%Ca(OH)2 4% Ca(OH) 
ý, 
6% Ca (OH) 
., 
8 Yu Ca (0-H): 
1 0 0 0 0 
2 0.08 0.1 0.16 0.16 
3 0.11 0.19 0.2 0.26 
4 0.14 0.23 0.3 0.3 
5 0.17 0.26 0.4 0.4 
6 0.19 0.33 0.48 0.44 
7 0.25 0.44 0.6 0.53 
8 1.2 1.58 1.72 1.75 
9 1.8 2 2.5 2.8 
10 2.25 3.14 3.46 
13 3.02 3.8 4.92 5.1 
14 3.19 5.17 5.31 5.51 
15 3.36 5.68 5.88 6 
17 4.61 6.51 7.7 7.76 
20 4.97 7.88 8.08 7.99 
22 5.06 8.26 8.48 8.33 
23 5.11 8.53 8.78 8.6 
24 5.18 8.78 9.05 8.79 
27 5.32 9.41 9.8 9.42 
28 5.37 9.64 10.09 9.68 
29 5.39 9.8 10.29 9.93 
33 5.52 10.57 12.4 10.95 
35 5.55 10.8 12.79 11.29 
38 5.5 11 12.16 11.63 
41 5.66 11.31 12.79 12.08 
42 5.67 11.34 12.82 12.2 
47 5.78 11.68 13.99 1373 
49 5.79 11.71 14.06 13.82 
56 5.89 11.97 14.89 14.4 
62 5.95 12.1 15.38 14.72 
66 5.99 12.16 15.55 14.8 
70 6.04 12.19 15.72 14.89 
72 6.08 12.23 15.81 14.91 
7ý 6.07 12.28 15.99 14.96 
80 6.13 12.32 16.12 15 
86 6.13 12.4 16.28 16.05 
94 6.13 12.4 16.36 10.06 
101 6.13 12.4 16.41 16.06 
105 6.13 12.57 16.41 16.06 
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B. 4.5 Expansion measurements of mellowed LOC witi, various additions 
of Ca(OH)2 in a soaking environment at 200C 
Aerated Envir nment with mellowing at 20* 
Days 2%Ca(OH)2 4% Ca(OH): 6% Ca(011)2 8% Ca( I/): 
1 0 0 0 0 
2 0.34 0.47 0.58 0.48 
3 0.47 0.59 0.73 0.62 
4 0.52 0.63 0.78 0.68 
5 0.56 0.7 0.84 0.72 
6 0.56 0.8 0.9 0.9 
7 0.65 0.9 1 /. j 
-- 8 0.71 1.01 1.1 1.93 
9 1.38 2.07 2.03 3.02 
10 1.69 2.58 2.55 3.54 
11 2.5 3 3 4 
12 3.18 3.53 3.58 4.7 
15 3.49 4.6 4.65 5.8 
16 3.57 4.8 4.96 6.09 
17 3.63 5.14 5.29 6.44 
19 T-73- 5.7 5.88 8.07 
22 3.91 6.63 6.83 9.09 
23 4 6.91 7.12 9-. 14 
24 4.01 7.11 7.32 9.21 
26 4.03 7.48 7.52 9.27 
29 4.14 7.77 8.04 9.48 
35 4.14 7.93 8.24 9.53 
31 4.16 8.04 8.37 9-57 
35 4.25 8.69 8.93 9.57 
39 4.27 8.89 9.04 9ý63 
40 - 4.3 9.08 9.13 9.72 
43 4.33 9.36 9.24 9.79 
44 4.34 9.38 9.25 9.8 
45 4.41 9.61 9.41 9.99 
51 4.41 9.62 9.42 10.5 
5ý 4.42 9.7 9.48 11.9 
61 4.44 9.72 9.52 11.95 
6ý 4.45 9.75 9.54 
U 4.47 9.77 9.55 
74 4.47 9.77 9.55 
-78 -4.47 9.79 9.56 
U 4.48 9.79 9.57 
85 4.5 9.83 9.6 
96 4-54 9.88 9.7 
103 r- 4.57 9.9 9.71 
110 4.6 9.9 9.71 
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B. 4.6 Expansion measurements of mellowed LOC with various additions 
of Ca(OH)2 in an aerated soaking environment at 50C 
Aerated Environment with mellowing at S'C 
Days 2%Ca(OH)2 4% Ca(OH)2 6% Ca(OH)2 8% Ca(OH). " 
1 0 0 0 0 
4 -0.06 0 0.07 -o. 12 
5 -0.08 0.03 0.09 -0.12 
6 -0.12 0.02 0.08 -0.13 
7 -0.08 0.03 0.06 -0.12 
8 -0.08 0.03 0.05 -0.11 
11 3.49 3.47 3.75 3.34 
12 4.07 4.25 4.56 4.14 
13 4.22 5.09 4.97 4.99 
16 4.87 6.2 6.67 6.28 
18 6.5 8 8 7.5 
20 8.49 12.97 10.53 10.15 
21 8.7 13.49 14.53 10.16 
22 8.9 14.72 13.79 9.4 
23 9.06 9.58 
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B. 4.7 pH of soaking waters containing LOC with various percentage 
additions of Ca(OH)2 in a static environment at 20"C. 
Days,, 2%Ca 6% 8% Ca(Qll),, 
0 
7 7 7 7 7 
14 7 7 7.5 7.5 
21 10.5 11.5 12 12.5 
28 9 10 11 It 
35 10 it 12.5 13 
42 10 It 12 12.5 
49 10 11 12 12.5 
56 10 11 12 12.5 
63 to it 12 12.5 
70 10 11 12 12.5 
77 10 11 12 12.5 
84 10 10.5 11.5 12.5 
91 9.5 - 11.5 
19 
12.5 
98 9 11.5 12 
105 9 ,1 12 
B. 4.8 pH of soaking water containing LOC with various percentage 





7 7 7 
14 7 7 8 7.5 
21 9 12 12.5 12 
28 9 11 12 12 
35 7 10 11 11.5 
42 7 8 8 9 
49 7 7.5 7.5 8 
56 7 7 7 
63 7 7 7 7 
70 7 7 7 
77 7 7 7 7 
84 7 7 7 7 
91 7 7 7 7 
98 7 7 7 7 
1105 7 7 7 7 
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B. 4.9 pH of soaking waters containing LOC with various percentage 
additions Of Ca(OH)2 after mellowing in an aerated environment at 20"C 
Da 8-, /. c if 
0 
7 7 7 7 
14 7 7 7.5 8 
21 7.5. 7.5 10 10 
28 7.5 8 10 11 
35 7 9 11.5 12.5 
42 7 9.5 11 12 
49 7 8 8 8 
56 7 7 7.5 7.5 
63 7- 7 7.5 7.5 
70 7 7 7.5 7.5 
77 7 7 7.5 - 
84 7 7 7 
91 7 7 7 
98 7 7 
105 7 7 7 
B. 4.10 p1l of soaking waters containing LOC with various percentage 
additions of Ca(OH)2 after mellowing in an aerated environment at 5C. 
. ..... 4%C 6% 
8% Ca(011), - 
0 
7 7 7 
14 8 77 11.5 
21 7 8 12 
28 
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B. 4.11 S03 Contents of lime-modified LOC after a range of soaking times 
and environments at 20*C and 5'C 
Sulphate (SO3) Content 
Static Soaking Environment (20'C) 
Days LOC + 2%Ca(OH)2 +1.5%CaO 
p 
7 0.88 1.53 2.32 
0.8V 
1121 0.88 2.2ý 1 1.06 
Aerated Soaking Environment (20*Q 
Days LOC + 2%Ca(OH)2 +1.5%CaO 
' 
1 
7 0.88 1.53 2.32 
--21 2.52,,:,,, -7, 4 25, 4 
0.88 1.24 1.75 
Aerated Soaking Env ironment (20*Q after Mellowing (3 days) 
Days LOC + 2%Ca(OH)2 +1.5%CaO 
09 7777. og 71 09 
7 0.88 1.92 2.11 
1121 0.88 1 1.24 0.88 
Aerated Soaking Environment (5'Q after Mellowing (3 days) 
Days DOC + 2%Ca(OH)2 +1.5%CaO 
'0 
7 088 1.92 2.11 
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B. 4.12 S03 Contents of LOC with various additions of Ca(011)2 after a 
range of soaking times and environments at 200C and 50C 
Sulphate (SO3) Contents 
Static Soaking Environment (20'Q 
Days 4%Ca(OH)2 6%Ca(OH)2 8%Ca(OH)z 
7 2.10 2.02 1.81 
2 81 
112 3.45 5.63 3.61 
Aerated Soaking Environment (20*0 
Days 4%Ca(OH)2 6%Ca(OH)2 8%Ca(OH)2 
7 2.10 2.02 1.81 
21 7 
11.2 1.27 3.34 2.60 
Aerated Soaking Environment (20*C) after Mellowing (3 days) 
Days 4%Ca(OH)2 6%Ca(OH)2 8%Ca(OH)2 
7 1.32 1.28 1.29 
... 21 
112 1.44 1.46 1.32 
Aerated Soaking Environment (. TQ after Mellowing (3 days) 
Days 4%Ca(OH)2 6%Ca(OH)2 8%Ca(OH)2 
7 1.32 1.28 1.29 
777,777,77: 71, X-ý -4.8.1 
23 3.94 4.39 4.82 
B. 5 Durability Indices (DI) of mellowed and unmellowed LOC with 
various additions of Ca(OH)2 at 20'C and 5'C 
Durability Index (DI) COOH)i Content 
2% 4% 6% 8% 
ll w 2- 1 . 83 14.24 nme o 
Mellowed at 20'C 23.45 18.8 22.5 20.10 
Unmellowed at 200C 0 3.75 8.40 9.35 
'5.42 0 OA Mellowed at 
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B. 6.1 UCS results of lime-modified LOC after curing for 1,4 12,24 and 52 
weeks at 5"C, 10*C and 20"C. * 
Unconfined Compressive Strength 




59C 109C 209C 59C JOV 209C 
I Week 241 225 273 204 195 260 
4 Weeks 181 192 276 189 191 222 
12 Weeks 122 '. 350 347 85 279 279 
24 Weeks 334 363 311 105 226 188 
52 Weeks 100 244 310 62 308 260 
B. 6.2 UCS results of 1.5%CaO-modified LOC with various additions of 
PC after curing for 1,4 12,24 and 52 weeks at 5"C, I O*C and 20'C. 
Unconfined Compressive Strength 
ýS (kjNT/-mT)- 
1.5%CaO 
+2%PC 4%PC 6%PC 8%PC 
Curing 
Time 
59C IOC 209C 59C /or 20r 59C 109C 209C J9C /09C 209C 
I Week 165 419 374 523 560 602 613 520 695 613 520 695 
4 Weeks 358 361 548 524 487 715 569 643 1016 677 809 1092 
12 Weeks 3-6-1 818 788 458 593 1025 560 940 1382 675 891 1561 
24 Weeks 274 763 953 536 
- 
735 899 517 1024 1765 769 129 -1775 
52 Weeks Y5- -6 383 -TI-5 -ý3 0 896 1099 1205 1612 1552 1310 1338 1772 
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B. 6.3 UCS results of 1.5%CaO-modified LOC with various additions of 
GGBS after curing for 1,4 12,24 and 52 weeks at 5"C, 1 0"C and 200C. 
Unconfined Compressive Strength (UCS) (kN/m2) 
1.5%CaO 
+2%GGBS 4%GGBS 6%GGRS 8'YoGGBS 
Curing 
Time 
PC 109C 20'C 59c 109C 20'C 59C 109C 209C PC 109C 201C 
I Week 
1 
121 292 403 476 
- 
427 572 385 418 491 385 418 491 
4 Weeks 367 449 491 487 527 524 527 625 703 335 589 747 
12 Weeks 167 452 541 .. 
416 1 6 611 700 393 716 1034 698 937 1026 
24 Weeks 267 580 514 353 
F 
392 595 384 450 997 515 595 1019 
52 Weeks 291 351 627 8 52 539 615 7961 732 1137 428 792 987 
B. 6.4 UCS results of 2%Ca(OH)2-modified LOC with additions of 4% and 
8% PC or GGBS after curing for 1,4 12,24 and 52 weeks at 5"C, I O"C and 
20*C. 
Unconfined Compressive Strength (UCS) (kN/m2) 
2%Ca(OH)2 
4%GGBS 8%GGBS 40/.. PC 8%PC 
Curing 
Time 
5 9c lo'c I 209C 59C 109C 20'C 59C 109c 209C 59C I /09C 209C 
I Week 117 375 - 437 141 419 593 
I 
185 427 550 488 457 479 
4 Weeks 425 487 537 615 676 719 297 440 478 534 611 752 
12 Weeks 588 627 759 746 824 888 691 811 856 780 816 1204 
24 Weeks 310 745 813 633 
E 
754 892 429 594 888 566 1191 1498 
52 Weeks 467 -N-5 7-05 5-966 1367 1315 666 1035 1505 1931 1716 2315 
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B. 7.1 Linear Expansion measurements of LOC additions of 2%Ca(011)2 
and 1.5%CaO with various additions of GGBS or PC after mellowing and 
soaking in an aerated environment at 200C. 
Days "AAa - )-i Ca(017 ca 0 1: 
ý ý,. 
O'Upc V4, GG'BS i 
"a cao- 1.5% Cao 
-, ý'GGPS 
0 0 0 0 0 0 0 
1 0 0 -0.06 0 -0-06 0.05 
2 0.01 0 -0.06 00, 0.05 
3 0.03 0.01 -0.05 0.02 -0.06 0.05 
4 0.04 0.02 -0.05 0.03 
- 
-0.06-- 0.05 
5 0.05 0.03 -0.03 0. U2 -0-05 004 
6 0.06 0.03 -0.03 0.02 -0-05 0.03 
7 0.08 0.05 -0.05 0.03 -0.03 0.03 
0.75 0.9 0.35 0.13 0.32 0.06 
9 1.14 1.13 0.65 0.32 0.59 0.07 
10 1.43 1.43 0.85 0.35 0.75 0.07 
11 1.63 1.63 1.1 0.4 0.9 0.08 
12 1.87 1.88 1.31 0.43 1.12 0.09 
13 2.05 2.06 1.45 0.45 1.21 0.11 
14 2.21 2.2 1.57 0.47 1.29 0.13 
15 2.32 2.29 1.66 0.48 1.32 0.14 
16 2.42 2.39 1.71 0.55 1.37 0.15 
17 2.5 2.44 1.75 0.54 1.39 0.15 
18 2.6 2.46 1.83 0.53 1.41 0.16 
19 2.67 2.49 1.87 0.54 1.43 0.17 
20 2.73 2.54 1.9 0.55 1.44 0.17 
21 2.78 2.63 1.94 0.57 1.46 0.18 
22 2.84 2.67 1.96 0.58 1.47 0.19 
23 2.89 2.7 1.99 0.59 -1.4-9 0.2 
24 2.95 2.78 2.02 0.61 1-5 0.2 
2J 2.99 2.82 2.05 0.62 1-51 0.21 
26 3.03 2.86 2.07 0.63 L-53 0-21 
27 3.06 2.85 2.08 0.64 1.53 0.22 
28 3.09 2.89 2.08 0.66 1.53 0.21 
29 3.11 2.9 2.09 0.66 1.53 0.21 
30 3.14 2.92 2.1 0.67 1.54 0.21 
31 3.17 2.97 2.11 0.68 1.55 0.21 
32 3.19 2 '99 
2.13 0.69 1.55 0.21 
33 3.21 3.01 3 *0 1 
2.14 0.7 1.55 0.21 
34 3.23 3.02 3.02 2.14 0.7 1.55 0.21 
35 3.25 3 03 2.15 0.71 1.55 0.21 
36 3.27 3 06 2.16 0.71 1.55 0.21 
37 3.28 3.08 3,08 2.16 0.71 1.55 0.21 
38 3.3 3.1 3.1 2.18 0.72 1.55 0.21 
39 3.32 3.11 2.2 0.74 1.56 0.21 
40 3.34 3.12 2.2 0.75 1.57 0.22 
41 3.36 3.14 2.2 0.76 1.57 0.22 
42 3.38 3.16 2.21 0.77 1.58- 0.22 
43 3.4 3.18 2.22 0.78 1.59 0.22 
47 3.4 3.23 2.24 0.82 1-59 0.22 
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53 3.46 3.24 2. T6- --- OY7- 
- 
1-6 .6 0-22 . 22 
56 3.5 3.28 2.27 
- 
1 1.39- 0.22 
57 3.51 3.29 2.27 1.01 1-59 0-23 
60 3.55 3.31 2.29 105 
- 
-Lý6 0-23 
64 3.56 3.35 2.21 1. Fl 
- 
l. oT- 0.23 
67 3.58 3.35 2.2 1 2 1-61 0-23 
68 3.6 3.37 2.2 1.22 
- 
1.61 0-23 
71 3.62 3.39 2.21 1 25 1-61 0-23 
88 3.65 3.43 2.21 1.42 1.61 - -0.23 
89 3.66 3.44 2.21 1.46 1-61 0-23 
91 3.68 3.44 2.22 1.54 
- 
I. 6T- 0-23 
92 3.7 3.44 2.22 1 57 1-61 0.23 
91 3.74 3.44 2.22 1.65 1.61 0.23 
96 3.74 3.44 2.22 1.67 1.61 0.23 
3.76 3.44 2.22 1.73 
- 
1.61 0.23 
99 3.77 3.44 2.22 1 75 1.61 0.2T- 
103 3.81 3.44 2.22 1.86 1.61 0.23 
106 3.83 3.44 2.22 1.95 1.61 0.23 
109 3.84 3.44 2.22 2.03 1.61 0.23 
TF2 3.89 3.44 2.22 2.14 1.63 0.23 
113 3.91 3.44 2.23 2.16 
- 
1.63 0.23 
116 3.95 3.44 2.25 2 26 1.64 0.23 
119 3.98 3.44 2.25 2.35 
- 
1.64 0.23 
123 3.98 3.44 2.25 2 44 1-64 0-23 
127 4 3.44 2.25 2.53 1.64 -0-. -23 





140 4.05 3.44 2.25 2 64 1- 64 1 , 0.23 
144 4.09 3.44 2.25 2.64 1 64 0.23 
753 4.14 3.44 2.25 2.64 0.23 
164 4.2 3.44 2.25 2.64 0.23 
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B. 7.2 Linear Expansion measurements of LOC additions of 2%Ca(OII)2 
and 1.5%CaO with various additions of GGBS or PC after mellowing and 
soaking in an aerated environment at 5"C. 
Davs, ý 2V6ý Ca 1.5 Yo Ca 0 
pdý 




0 0 0 0 0 0 
4 0.39 0.82 0.52 1.17 0.22 0.87 
5 1.27 0.86 1.02 1.69 0.44 0.69 
6 1.33 0.9 1.08 1.75 0.49 0.81 
7 1.34 0.91 1., 1.77 0.52 0.83 
8 1.91 1.62 1.41 2.71 0.66 1.96 
11 3.75 4.3 3.06 3.55 1.58 2.18 
12 4.12 4.63 3.38 3.6 1.78 2.2 
13 4.46 4.96 3.68 3.61 1.95 2.22 
14 5.11 5.16 3.99 3.61 2.14 2.24 
15 5.43 5.28 4.29 3.61 2.28 2.23 
18 5.68 5.72 4.92 3.62 2.57 2.37 
19 5.89 5.9 5.09 3.62 2.65 2.29 
20 6.01 5.89 5.19 3.62 2.69 2.27 
21 6.19 5.89 5.43 3.62 2.74 2.29 
22 6.33 5.89 5.39 3.62 2.77 2.29 
26 6.78 5.89 5.61 3.62 2.83 2.27 
27 6.95 6.27 5.67 3.65 2.97 2.29 
28 7.05 6.46 5.68 3.66 2.87 2.27 
29 7.16 6.64 5.72 3.67 2.9 2.29 
32 7.41 6.97 5.76 3.67 2.93 2.3 
33 7.47 7.06 5.77 3.67 2.92 2.29 
34 7.56 7.15 5.77 3.67 2.92 2.3 
36 7.69 7.26 5.78 3.67 2.94 2.3 1 
39 7.9- 7.42 5.8 
- 
3.67 2.95 2.31 
40 7.91 - 745 5 82 3.67 2.95 2.31 
46 8.27 7.68 5.84 3.67 2.97 2.33 
47 8.32 7.72 5.85 3.67 2.97 2.32 
58 8.75 8.01 6.94 3.73 3.03 2.28 
64 8.82 8.02 6.95 3.73 3.03 2.29 
97 9.67 8.02 8.03 3.73 3.09 2.31 
110 1 9.83 1 8.67 1 /. IS9 1 3.73 1 3.12 1 2.35 
137 1 9.83 1 9.25 1 7.94 1 4.73 1 3.17 1 2.39 
1 
B. 7.3 Linear Expansion measurements of 1.5% CaO-8% GGBS soaked in 
static environment without mellowing, at 20'C 








































B. 7.4 Linear Expansion measurements of 1.5% CaO-8% GGBS soaked in 









































B. 8.1 Durability Indices (%) of 1.5%CaO-modified LOC with various 
additions of PC or GGBS, with and without mellowing, at 5C and 20*C. 
Durability Indices 
1.5%cao 1.5%-2%PC 1.5%-2%GGBS 1.5%-4YoPC 1.5Yý4%GGBS 
Unmellowed at 201C 18.85 39-95 37.89 34.08 52.27 
Mellowed at 20*C 24.46 46.03 56.7 62-56 57.1 
Unmellowed at PC 12 18.07 10.1 29-44 58-85 
Mellowed at PC 16.47 14.16 18.92 8.97 30.92 
1.391,6%PC 1.5Y,, 6%GGBS I. 5Y, 8%PC 1.5%, 8%GGBS 
Unmellowed at 201C 44.3 59.1 42.09 73.35 
Mellowed at 201C 61 91.5 66.81 87.68 
Unmellowed at 50C I 45.477 I 61 
- 
49.87 68.43 I 
Mellowed at 50C 1 11.34 1 93.23 - 12.27 
-1 
1 00 
B. 8.2 Durability Indices (%) of 2%Ca(OH)2-modified LOC with various 
additions of PC or GGBS, with and without mellowing, at 5'C and 20"C. 
Durability IndFc-es 
2%Ca(OH): 2Y(P-4%PC 2%-4%GGBS 2%-8%PC 2'Y, &8%GFBiIV 
Unmellowed at 20*C 24.35 50.86 75 45.2 91.69 
Mellowed at 201C 18.68 76.21 74.22 78.46 80-27 
Unmel lowed at PC 0 21 27 29 42 
lowed at PC 0 35.75 14.94 1 43.38 T1 61.78 
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3 Lower Oxford Clay (LOC). 
4 LOC-8%Ca(OH)2 - dry mix. 
5 LOC-8%Ca(OH)2 - unmellowed mix. 
6 LOC-8%Ca(OH)2 - mellowed (3 days at 20'C) mix. 
7 LOC-8%Ca(OH)2 - umnellowed mix, cured for I week. 
8 LOC-8%Ca(OH)2 - urnnellowed mix, cured for 4 weeks. 
9 LOC-9%Ca(OH)2 - mellowed mix, cured for I week. 
10 LOC-P-/oCa(OH)2 - mellowed mix, cured for 4 weeks. 
11 LOC-6%CaO - dry mix. 
12 LOC-6%CaO - um-nellowed mix. 
13 C-6%CaO - mellowed (3 days at 20"C) mix. 
14 ýOC-6%CaO - unmellowed mix, cured for 1 week. 
15 LOC-6%CaO - unmellowed mix, cured for 4 weeks. 
16 LOC-6%CaO - mellowed mix, cured for I week. 
17 LOC-6%CaO - mellowed mix, cured for 4 weeks. 
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